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Pyrazolyl-Diamine Ligands That Bear Anthracenyl Moieties
and Their Rhenium(l) Tricarbonyl Complexes: Synthesis,
Characterisation and DNA-Binding Properties

Rute F. Vitor,® Isabel Correia,” Margarida Videira,”) Fernanda Marques, Anténio Paulo,”
Joao Costa Pessoa,”” Giampietro Viola,” Gabriel G. Martins,” and Isabel Santos*™

Two novel families of pyrazolyl-diamine ligands that bear an an-
thracen-9-yl group as a DNA-binding fragment, pz*(CH,),NH-
(CH,),NHCH,-9-anthryl (pz*=pz (L), 3,5-Me,pz (L?) and pz*-
(CH,),NH(CH,),NH, (pz*=4-(9-anthrylmethyl)pz (L?), 3,5-Me,-4-(9-
anthrylmethyl)pz (L*)), have been prepared and fully character-
ised. In the case of L>-L* the evaluation of their coordination
capability towards the fac-[Re(CO),]* core led to the synthesis of
the organometallic complexes fac-[Re(CO);{3,5-Me,pz(CH,),NH-
(CH,),NHCH,-9-anthryl}|Br (7) and fac-[Re(CO);{4-(9-anthrylmeth-
yl)pz*(CH,),NH(CH,),NH,}IBr (pz*=pz (8), 3,5-Me,pz (9)). The in-
teraction of the novel pyrazole-diamine ligands and the rheni-
um(l) complexes with calf thymus (CT) DNA has been investigat-
ed with a variety of spectroscopic techniques (UV-visible, fluores-

Introduction

The targeted therapy of cancer with radiometals is gaining
relevance as a therapeutic alternative to conventional method-
ologies, such as surgery, external radiotherapy and chemother-
apy."? Interestingly, several gamma-emitting radiometals that
are routinely applied in diagnostic nuclear medicine, such as
®™Tc or "MIn, are also Auger electron-emitters and therefore
their complexes could also have potential in targeted tumour
therapy. Although some promising results have been already
reported for '"'In complexes that contain bioactive peptides,®*
the therapeutic potential of Auger emitter radiometals has not
yet been fully demonstrated in the clinical arena.

Due to the short range of Auger electrons, there is a need
for preferential accumulation of the complexes into the nu-
cleus of neoplastic cells in order to elicit significant DNA
damage, and therefore a therapeutic effect. The achievement
of this goal lies in the design of multifunctional complexes
that include a DNA-binding moiety, a carrier to transport the
complex into the nucleus, and/or a tumour-seeking vector.“*™®
The presence of the later should provide a specific recognition
of the neoplastic cells and promote the internalisation of the
complexes, while the DNA-binding moiety is expected to aug-
ment the stacking into DNA, and consequently to enhance the
radiotoxicity of the Auger emitter.

Technetium-99m is the most widely used radionuclide in di-
agnostic nuclear medicine; this is because it has ideal nuclear
properties and is inexpensive and widely available. Encourag-
ing in vitro results have been reported that highlighted the
relevance of this radiometal for the development of therapeu-

ChemBioChem 2008, 9, 131-142

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cence, circular dichroism (CD) and linear dichroism (LD)). All of
the evaluated compounds have a moderate affinity to CT DNA
(3.46 x 10° <K, < 1.95x 10%), but the binding mode depends on
the position of the chromophore in the framework of the pyrazol-
yl-diamine ligands. LD measurements have shown that L' and L?
act as DNA intercalators, but complex 7 intercalates only partial-
ly. By contrast, the compounds with the anthracenyl group at the
4-position of the azolyl ring (L3, L* and 9) do not intercalate, and
behave more like DNA groove binders. Fluorescence microscopy
studies have demonstrated that complexes 7 and 9 can target
the nucleus of murine B16-F1 melanoma cells, and appear to be
promising platforms for the further design of radiopharmaceuti-
cals for targeted radiotherapy.

tic radiopharmaceuticals.®*” Alberto et al. have shown that a
#mTc!tricarbonyl complex that contains a pyrene intercalator
and a nuclear localisation signal (NLS) peptide can target the
nucleus of B16-F1 mouse melanoma cells, and shows a much
stronger radiotoxic effect than *™TcO,”, which is unable to
penetrate the nucleus.™ Most importantly, the same research
group proved more recently that the presence of the NLS se-
quence is not strictly necessary for the targeting of the nucleus
with tricarbonyl *™Tc' or Re' complexes.”
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Within our interest on Re and Tc complexes for biomedical
applications, we have introduced bifunctional chelators of the
pyrazole-diamine type, which act as powerful tridentate chela-
tors towards the fac-[IM(CO);]" (M=Re, **"Tc) moiety, and form
tricarbonyl complexes with excellent in vitro and in vivo stabili-
ty®? These chelators are easily modified with biologically
active molecules, and have been applied already in the label-
ling of small tumour-seeking peptides, which have delivered
encouraging results in terms of their biological behaviour."*'?
Due to their versatile nature, these pyrazolyl-diamine chelators
allow also the introduction of DNA-binding groups at different
positions of the ligand framework, namely at the 4-position of
the pyrazolyl ring or at the terminal primary amine, while the
option of using the central amine for coupling a tumour-seek-
ing vector is still available (Scheme 1). By taking these favoura-

tumour-seeking vector
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Scheme 1. Schematic representation of different possibilities for the func-
tionalisation of pyrazoyl-diamine chelators with a tumour-seeking vector
and/or a DNA-binding group.

ble features into account, we have anticipated that these sys-
tems could be useful tools for the design of multifunctional
complexes, with the goal of developing *™Tc radiopharma-
ceuticals for targeted radiotherapy. As a first step in this design
process, we explored the possibility of introducing 9-anthryl-
methyl fragments at the 4-position of the azole ring and at the
terminal amine of pyrazolyl-diamine ligands, then we studied
the coordination capability of the resulting chelators towards
the fac-[Re(CO);]* moiety with the aim of introducing novel
complexes that are able to enter the nucleus and interact with
DNA.

Re and Tc complexes are usually isostructural, and therefore,
the Re complexes are considered to be adequate surrogates
for the *™c congeners, which are prepared only in 107°-
1077 M concentrations, and can not be characterised by the
common analytical techniques of inorganic and organometallic
chemistry. Moreover, with the compounds proposed herein,
we also intended to profit from the fluorescent properties of
the anthracenyl moiety and to use the Re complexes to evalu-
ate in vitro the cellular uptake of the compounds by fluores-
cence microscopy.

In this work, we introduce a series of novel pyrazolyl-con-
taining ligands that bear an anthracenyl derivative as a DNA-
binding fragment, pz*(CH,),NH(CH,),NHCH,-9-anthryl (pz*=pz,
L'; 3,5-Me,pz, L?) and pz*(CH,),NH(CH,),NH, (pz* =4-(9-anthryl-
methyl)pz, L3; 3,5-Me,-4-(9-anthrylmethyl)pz, L*), and report on
the synthesis and characterisation of the Re'-tricarbonyl com-
plexes that are anchored onto L>-L* (7-9). The interaction of
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DNA with the novel pyrazole-diamine ligands (L'-L*) and with
the Re' complexes 7 and 9 has been evaluated by using differ-
ent spectroscopic techniques (UV/vis, circular dichroism (CD),
linear dichroism (LD) and fluorescence) and is also reported.
We also present fluorescence microscopy studies on the
uptake of selected ligands and complexes in B16-F1 mouse
melanoma cells. This work also addresses how the position
that is used to attach the anthracenyl fragment to the chelator
framework and/or the introduction of the organometallic fac-
[Re(CO);1* moiety will influence the interaction with DNA and/
or the ability of the compounds to enter the cells and to
target the nucleus.

Results and Discussion

By choosing the anthracenyl fragment as a DNA binder and by
exploring its conjugation to different points of the pyrazolyl-
diamine framework, we have taken into consideration the well-
known ability of the planar and polycyclic structure of anthra-
cene to intercalate between neighbouring base pairs, the ver-
satility of functionalisation of the pyrazolyl-diamine chelators,
and their potential to stabilise the fac-[M(CO);]* core (M=Re,
#mT).1%2 Moreover, anthracenyl chromophores have a mod-
erate molar absorptivity in the near-UV region and good fluo-
rescence quantum yields; this allows the study of the binding
of the ligands and the respective Re complexes with DNA by
spectroscopic techniques, as well as the evaluation of their cel-
lular uptake by fluorescence microscopy.™

Synthesis of anthracenyl-containing chelators and their Re
complexes

For the incorporation of the anthracenyl fragment at the termi-
nal amine of the pyrazolyl-diamine chelators, we have ex-
plored the reductive amination of the commercially available
9-anthracenealdehyde; this is a synthetic approach that has
been already used successfully by other authors to prepare N-
anthracenyl-9-ylmethyl conjugates of biogenic polyamines, like
spermidine."™ ' As depicted in Scheme 2, the reaction of 9-an-
thracenealdehyde with the compounds [pz*(CH,),NH(CH,),NH,]
(pz* =pz, 3,5-Me,pz), which have been previously described by
our group,®' afforded the corresponding imine derivatives.
The in situ reduction of these imines with sodium borohydride
yielded the final ligands pz*NN-Ant (pz*=pz, L'; 3,5-Me,pz, L?).
These compounds were isolated in moderate to high yield
after purification by silica gel column chromatography.
Throughout the paper we will adopt the abbreviation pz*NN-
Ant for the ligands that have the anthracenyl moiety at the ter-
minal amine and the abbreviation Ant-pz*NN for those with
the same moiety at the 4-position of the pyrazolyl ring.

The introduction of the anthracenyl-9-yl methyl group at the
4-position of the azolyl ring has been demanding, and required
the preparation of the dicarbonyl compounds [2-(9-anthryl-
methyl)propane-1,3-dialdehyde] (1) and [2-(9-anthrylmethyl)-
pentane-2,4-dione] (2), as shown in Scheme 3. The 1,3-dialde-
hyde 1 was prepared by a Swern oxidation of the correspond-
ing diol with DMSO/SOs-pyridine, while the synthesis of the

ChemBioChem 2008, 9, 131-142


www.chembiochem.org

Pyrazolyl-Diamine Ligands

H
N~ N
Rﬂw NN O‘:O

—

R H o
(R = H, Me)

RT,
overnight

: ]
/N\N/\/N\/\N/ /‘
<
. g
RT
NaBH, | 24 h

: @
~ N
A Y ‘
| H
R J
L"R=H, L% R=Me
Scheme 2. Synthesis of the pyrazole-diamine chelators that bear a terminal
anthracene chromophore. o.n.=overnight.

1,3-diketone 2 was accomplished by alkylation of acetylace-
tone with 9-bromomethylanthracene. Compounds 1 and 2 are
yellow oils, and were obtained in the enol and keto forms, re-
spectively. The cyclisation of 1 and 2 with 2-hydroxyethylhy-
drazine gave the pyrazole derivatives Ant-pz*(CH,),OH (pz*=
pz, 3; 3,5-Me,pz, 4) which were brominated with PBr, to afford
the compounds Ant-pz*(CH,),Br (pz*¥=pz 5; 3,5-Me,pz, 6).
Treatment of 5 and 6 with a 20-fold molar excess of ethylene-
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diamine in refluxing methanol led to the formation of the final
ligands, Ant-pz*NN (pz*=pz, L3; 3,5-Me,pz, L%, which have
been isolated as yellow oils in moderate yields (39-50%) after
chromatographic purification.

The novel anthracenyl-containing pyrazole-diamine ligands
L'-L* are air and water-stable compounds. They are soluble in
common organic solvents, but only sparingly soluble in aque-
ous medium. The characterisation of L'-L* has been performed
by 'H and "*C NMR spectroscopy. FT-ICR mass spectrometry
confirmed the authenticity of these ligands because prominent
[M4+H]" peaks were obtained at m/z 345.2 (L' and L) and at
m/z 373.2 (L®> and L?).

The evaluation of the coordination capability of the anthra-
cenyl-containing ligands towards the fac-[Re(CO);]* core com-
prised the study of their reaction with the starting material
[Re(CO)Br]. In refluxing methanol, the reaction with L>-L* led
to the formation of well-defined species that were formulated
as fac-[Re(CO);{3,5-Me,pzNN-Ant}IBr (7) and fac-[Re(CO);-
{Antpz*NN}IBr (pz*=pz, 8; 3,5-Me,pz, 9) (Scheme 4). Com-
pounds 7-9 were the unique complexes that were formed;
this was confirmed by 'H NMR analysis of the crude after re-
moval of the solvent. Nevertheless, 7 and 8 were isolated in
poor to moderate yields due to the need for recrystallisation
or washing to remove small amounts of the unreacted ligands.

Complexes 7-9 are yellow microcrystalline solids, which are
stable towards hydrolysis or aerial oxidation. They were charac-
terised by IR, 'H and *C NMR spectroscopies, as well as by ESI-
MS spectrometry. As for the corresponding ligands, we could
not obtain satisfactory elemental analysis for 7-9, even though
the 'H and *CNMR spectra showed a high bulk purity for
these compounds. The ESI-MS analysis showed the expected

H,N(CH,),NH,

L% R=H,L*R=Me

Scheme 3. Synthesis of the pyrazole-diamine chelators that bear an anthracene chromophore at the 4-position of the azolyl ring.
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Scheme 4. Synthesis of the Re'-tricarbonyl complexes.

molecular ions at m/z 643.0 (7 and 9) and 614.9 (8), which con-
firms the proposed formulation.

The IR spectra of 7-9 showed the presence of two intense
v(C=0) bands in the region 2026-1896 cm™', which is typical
of complexes with the fac-[Re(CO);]" moiety. The frequencies
of these bands are almost coincident with the values that we
have previously found for other Re'-tricarbonyl complexes that
are anchored by the same pyrazolyl-diamine framework.®'"
The comparison of the 'HNMR spectra of fac-[Re(CO);{Ant-
pz*NN}IBr (pz*=pz, 8; 3,5-Me,pz, 9) with the previously de-
scribed fac-[Re(CO),{pz*(CH,),NH(CH,),NH,}IBr (pz*=pz, 3,5-
Me,pz) showed that they are almost superimposable, except
for the presence of the resonances that are due to the 9-an-
thrylmethyl substituent.®'® The similarities between the spec-
tra allowed us to conclude that in 8 and 9 the anthracenyl-
containing ligands are coordinated in a tridentate fashion
through the pyrazole and the amine nitrogen atoms; we have
previously confirmed this particular coordination mode by X-
ray crystallography for other complexes of this type.®

For the complex that contains a terminal 9-anthrylmethyl
group, fac-[Re(CO);{3,5-Me,pzNNANt}] (7), the chemical shifts
and splitting of the diasterotopic methylenic protons from the
pyrazolyl-diamine backbone are very similar to those of 8 and
9. For 7, only two broad singlets for the NH protons appear at
7.18 and 4.36 ppm, while for 8 and 9 three NH resonances
could be identified (8: 6.93, 5.26 and 3.41 ppm; 9: 6.90, 5.38
and 3.82 ppm). In the spectrum of 7, the two multiplets that
appear at 5.37 and 5.55 ppm were assigned to the CH, protons
that link the anthracene moiety and the terminal amine. This
splitting indicates diastereotopic character for those protons,
and it confirms the coordination of the terminal amine to the
Re' centre, in spite of the presence of the bulkier 9-anthryl-
methyl substituent.

For fac-[Re(CO);{3,5-Me,pzNN-Ant}]Br (7), the formation of
two diastereomeric pairs of enantiomers was possible due to
the presence of two chiral centres upon the coordination of L%
However, the 'H and C NMR data that were obtained for 7
clearly demonstrated that only one pair of enantiomers was
formed. This result has also been confirmed by HPLC analysis
of the compound (results not shown). Unexpectedly, the con-
gener ligand L', which lacks the methyl substituents at the
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3- and 5-positions of the azolyl ring showed a quite different
behaviour. The reactions of pzNN-Ant, L' with [Re(CO)sBr] or
[NEt,][Re(CO);Br;] always afforded a mixture of complexes, re-
gardless of which solvent (methanol or acetonitrile), tempera-
ture and reaction time was used. 'H NMR spectroscopy analysis
of the crude of these reactions always indicated the formation
of two major complexes because two dominant triplets for the
H(4) protons of the pyrazolyl ring were observed. In CD,0D,
these protons resonate at 6.48 and 6.75 ppm; they are upfield
shifted compared to the corresponding protons in the free
ligand. Moreover, the spectra displayed a set of multiplets for
the methylenic protons, the chemical shifts and splitting of
which were very similar to those that were obtained for com-
plex 7. Taken together, these data suggest the presence of the
two possible diastereomeric pairs of enantiomers for complex
fac-[Re(CO),;{pzNN-Ant}1Br. We were unable to separate the two
pairs of enantiomers, and other small contaminants were pres-
ent. For this reason, the Re'-tricarbonyl complex with L' is not
reported or evaluated here. Alberto et al. have already found a
similar behaviour for related Re' complexes that are anchored
by aliphatic triamine ligands that are terminally functionalised
with pyrene or anthraquinone moieties.”) These authors re-
ported that two diastereomeric pairs of complexes were ob-
tained for the pyrene-containing triamines, but a preferential
formation of one pair of enantiomers was observed for the an-
thraquinone derivative. These differences might reflect the
presence of planar aromatic structures such as pyrene or an-
thraquinone that have different steric constraints. This is not
the case for the ligands pz*NN-Ant (pz*=pz, L"), 3,5-Me,pz
(L), which contain a common anthracenyl fragment. The rea-
sons behind their different behaviour are not yet clear.

DNA-binding studies

UV-visible, fluorescence, CD and LD spectroscopies were used
to study the binding of the ligands (L'-L%) and the Re'-tricar-
bonyl complexes 7 and 9 to CT DNA. The low solubility in
aqueous medium of 8, even in the presence of dimethylsulfox-
ide, precluded the possibility of evaluating the interaction of
this compound with DNA.

UV-visible spectroscopy studies

For the different compounds under analysis, the UV/vis absorp-
tion studies comprised the monitoring of the changes on the
bands due to the antracenyl chromophore upon addition of
increasing amounts of CT DNA.

The UV-visible titrations of the molecules that contain the
anthracenyl moiety at the terminal amine (L', L> and complex
7) have shown that the absorption peaks of the anthracenyl
chromophores are red shifted upon binding to DNA, as indicat-
ed in Table 1, and exemplified in Figure 1 for L? and complex
7. The ligands L' and L? display red shifts of 6 and 5nm,
respectively, which are more pronounced than the 2 nm shift
that was obtained for the Re' complex 7.

Isosbestic points were also evident in the spectra of L, L?
and complex 7; they appeared at 393 nm for L' and L? and at
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Table 1. Hypochromism, red shifts and intrinsic binding constants for the
ligands of types pz*NNAnt and Ant-pz*NN, and for their Re complexes.
Hypochromism  Red shift K, [M7"]
[%) [nm]

Compound

6 4.2540.08)x 10°
5 3.464-0.04) x 10°

pzNN-Ant (L") ( )
( )
<05 (6.77+0.04) x 10°
( )
( )

( )
3,5-Me,pzNN-Ant (L?) ( )
Ant-pzNN (L) 34 (368 nm)

( ) <0.5 1.06+0.01)x 10*
( ) 2.20+0.01)x 10°

Ant-3,5-Me,pzNN (L*)
fac-[Re(CO),{3,5-
Me,pzNN-Ant}] (7)

The UV/vis spectroscopy data that were collected for L' and
L? indicate that the binding of these probes to CT DNA is
more likely to be by intercalation than groove binding because
the spectral changes that arise from their interaction with CT
DNA are in quite good agreement with the spectroscopic sig-
natures that were assigned recently by Kumar et al."® These
authors found a red shift, an extensive hypochromism and a
substantial broadening of the bands of the anthracenyl chro-
mophore in the 300-400 nm region, as a result of the strong
electron interaction between the &t electrons of the intercalat-
ed polyaromatic structure and those of the DNA bases. In par-
ticular, the 5-6 nm red shifts of L' and L compare well with
the values (6-8 nm) that were reported in the literature for
other (9-anthrylalkyl)amine deriv-
atives, which are considered to
act as DNA intercalators."® Nev-
ertheless, we would like to em-
phasise that the UV/vis spectros-
copy data that were obtained for
L' and L? cannot completely ex-
clude the possibility of groove
binding; it is necessary to com-
bine these data with the infor-
mation that is provided by other
spectroscopic  techniques (see
below) to draw more decisive
conclusions. The UV/vis spectros-

fac-[Re(CO);{Ant-3,5- 57 (367 nm) <0.5 (1.9540.01)x 10*
Me,pzNN}] (9)
0.25 - A) 071 B
0.6 4
g ]\ No DNA
8 0.15 \
g
2 +0.74 mm
£ 0.1+ CT DNA
0.05 4
0 ! T 0
300 350 400 200
Alnm

350

copy titration of complex 7 with
CT DNA has shown that this
compound is much less able to
intercalate into the DNA com-

Alnm

Figure 1. A) Absorption spectra of L (4.0x 107> m) in the presence of increasing concentrations of CT DNA (0,

0.04, 0.12, 0.28, 0.44, and 0.74 mwm); B) Absorption spectra of complex 7 (8.0x 10° m) in the presence of increasing

concentrations of CT DNA (0, 0.16, 0.80, 1.76, and 4.80 mm).

398 nm for 7. The presence of these isosbetic points indicates
a smooth conversion of the free probes to the bound ones, as
well as the prevalence of a dominant binding mode. The addi-
tion of DNA gives rise to the broadening of the vibronic struc-
ture of the anthracene absorption bands. This broadening is
more intense for L' and L? than for 7 (Figure 1). The binding of
these compounds to CT DNA is accompanied by a reduction in
their extinction coefficients (hypochromism). This reduction
varies between 45 and 66 %, and is more pronounced for the
ligands than for the Re complex (Table 1).

In comparison with the probes that have the terminal
anthracenyl chromophore, the most striking difference in the
spectral changes of the compounds that contain the 9-antryl-
methyl group at the 4-position of the azole ring (L, L* and
complex 9) is the negligible or absent red shifts (< 0.5 nm) of
the respective absorption peaks, as exemplified for L* and 9 in
Figure 2. The lack of broadening of these peaks is another fea-
ture of the spectra of L3, L* and 9. Unlike 9, the hypochromism
of L® (34% at 368 nm) and L* (33% at 367 nm) is significantly
lower than the hypochromism (45-66 %) that was observed for
the compounds that bear the terminal anthracenyl group
(Table 1).
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pared to the respective ligand
(L?. In a similar way, the UV/vis
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Figure 2. A) Absorption spectra of L* (4.0x 107> M) in the presence of in-
creasing concentrations of CT DNA (0, 0.64, 2.48, 3.44, and 3.88 mm); B) Ab-
sorption spectra of complex 9 (4.0x 107> m) in the presence of increasing
concentrations of CT DNA (0, 0.04, 0.08, 0.12, and 0.16 mm).

spectroscopy data that were obtained for the molecules that
contain the anthracenyl fragment at the 4-position (L3, L* and
complex 9) also indicated that these probes are unable to in-
tercalate between the DNA base pairs.
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The UV/vis titration data were used to estimate the intrinsic
binding constants (K,) for all the evaluated compounds (L'-L*,
7 and 9). To obtain the binding constants, the spectral data
were fitted to a simple Scatchard model by using Equation (1)
(see the Experimental Section)."” The values that were ob-
tained spanned between (2.20+0.01)x10*m™' and (1.95+
0.01)x10*m™' (Table 1) and indicated that these compounds
have a moderate affinity to CT DNA. As a general trend, we
can say that the compounds that contain the terminal anthra-
cenyl group (L', L? and 7) have a smaller affinity to DNA than
those that bear the same polyaromatic structure at the 4-posi-
tion of the pyrazolyl ring (L3, L* and 9). From all the probes
that were evaluated, complex 9 showed the highest constant,
while complex 7 displayed the lowest one. This means that
there is no well-defined tendency upon the introduction of the
fac-[Re(CO);1* unit in terms of the DNA affinity of these two
families of pyrazole-diamine ligands.

Fluorescence studies

The fluorescence intensity of all probes decreased rapidly with
increasing concentrations of CT DNA, as shown in Figures 3
and 4. These changes in the emission spectra show that there
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Figure 3. A) Fluorescence spectra of L? (4.0x 107°m) in the presence of
increasing concentrations of CT DNA (0, 40, 120, 280, 440, and 600 um);
B) Fluorescence spectra of complex 7 (8.0x 107°m) in the presence of in-
creasing concentrations of CT DNA (0, 4, 12, 24, and 47.5 um).

is a strong quenching of the fluorescence of the compounds,
as is commonly observed for anthryl probes.'®'® As exempli-
fied for L2 in Figure 3, the spectra of the ligands with terminal
9-anthracenylmethyl groups L' and L? are considerably broad-
ened at high DNA concentrations. Most probably, this broad-
ening is a consequence of the superposition of the spectra
from the bound and free chromophores, which are slightly
shifted in wavelength from each other. This is consistent with
the red shifts (5-6 nm) that were observed in the absorption
spectra of these ligands and reflects the decrease in the
HOMO-LUMO energy gap for the bound probes. Due to
weaker or non-existent red shifts, the broadening of the emis-
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Figure 4. A) Fluorescence spectra of L* (2.7x107°m) in the presence of in-
creasing concentrations of CT DNA (0, 0.11, 0.57, 1.32, 2.51, and 3.56 mwm);
B) Fluorescence spectra of complex 9 (2.0x107°m) in the presence of in-
creasing concentrations of CT DNA (0, 0.009, 0.040, 0.060, 0.076, 0.205 mm).

sion spectra of the other compounds (L% L% 7 and 9) is less
evident (Figures 3 and 4).

To estimate the intrinsic binding constants, the fluorescence
titration data were fitted with the noncooperative model of
McGhee and von Hippel by using Equation (3) (see the Experi-
mental Section)."” An acceptable fit to this model was only
obtained for the ligands pz*NN-Ant (pz*=pz, L'; 3,5-Me,pz,
L?). For the other compounds, the model was unreliable; this
might indicate heterogeneous binding to DNA and/or the
need to consider cooperativity.”” The best linear fit to the
binding isotherms that were constructed from the plot of r/C;
versus r (Figures S11 and S12 in the Supporting Information)
led to binding constants of (1.0840.03)x10* and (1.29+
0.01)x10°m~" for L' and L2 respectively. From this fit, the
binding site sizes (n) in base pairs that were obtained for L'
(n=2.7) and L? (n=2.1) are compatible with the nearest-neigh-
bour exclusion model, and are comparable to the values that
were found for other amine derivatives of anthracene.”*? The
binding constants that were obtained by the McGhee and von
Hippel formalism are larger than the values of 4.25x10°m™"
(L") and 3.46x10*m~" (L?) that were obtained by the simplest
Scatchard analysis. However, these differences can be consid-
ered to be acceptable within the experimental error that is in-
herent to the two different methods. Moreover, the values that
were obtained by the two methods are consistent in the sense
that both confirm that the presence of the methyl substituents
at the 3 and 5-positions of the azole have a small influence on
the DNA affinity.

Induced Circular Dichromism (ICD) studies

None of the isolated compounds (L'-L* 7 and 9) that were
evaluated in the DNA-binding studies has a CD spectrum. This
is in agreement with the expected non-chirality of these mole-
cules. However, their association with the right-handed DNA
helix was expected to give ICD spectra in the 320-400 nm
region where the anthracenyl chromophore absorbs. For an-
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thracenyl derivatives, the ICD spectra of intercalated or
groove-bound probes are expected to be different and, there-
fore, this technique can be useful to distinguish between dif-
ferent binding modes. Positive and intense ICD spectra are ex-
pected in the 320-400 nm region when the anthracenyl chro-
mophore is intercalated with its long axis aligned to the long
axis of the DNA base pairs."?

The pyrazolyl-diamine derivatives that have the terminal 9-
anthrylmethyl substituent, pz*NN-Ant (pz*=pz, L'; 3,5-Me,pz,
L?) and fac-[Re(CO);{3,5-Me,pzNN-Ant}1Br (7), showed relatively
intense positive ICD peaks in the 320-400 nm region upon
binding to DNA, as shown for L? and for the respective Re
complex (7) in Figure 5. However, the spectra of L' and L2

21 A
1.5 1
B)
{4
C)

Alnm

Figure 5. ICD spectra of the ligands L? and L* and their respective Re
complexes, 7 and 9 at high ratios of CT DNA/probe concentrations: A) 7
(8x107°m) at a 18:1 molar ratio; B) L? (5.3x107°m) at a 13:1 molar ratio;
Q) L* (10x107°m) at a 60:1 molar ratio; D) 9 (8.0x 107> m) at a 20.1 molar
ratio.

emerged at lower [DNA]/[probe] ratios when compared with
complex 7. These data are consistent with the positive ICD
spectra that were recently reported for other amine derivatives
of anthracene that have been recognised as DNA intercala-
torS.[13'16'23]

In contrast, the molecules that contain the anthracenyl chro-
mophore at the 4-position of the pyrazole ring, Ant-pz*NN
(pz*=pz, L3; 3,5-Me,pz, L% and fac-[Re(CO),{Ant-3,5-Me,-
pzNN}IBr (9) showed much weaker ICD spectra even in the
presence of a large excess of DNA ([DNA]/[probe] > 20:1). As
an example, the ICD spectra that were obtained for L* and
complex 9 are presented in Figure 5. This behaviour resembles
that which was reported recently by Kumar et al. for an anthra-
cenyl derivative that bore 2-hydroxyethylamine substituents at
the 9- and 10-positions, a compound that has been proposed
to be more likely to be bound to DNA through a groove-bind-
ing mode.*"

Linear dichromism (LD) studies
LD spectroscopy has been considered to be an excellent tool

to distinguish the different DNA-binding modes for anthracen-
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yl-containing probes. This technique provides more conclusive
data than other spectroscopic techniques to assess the orienta-
tion of the chromophore with respect with the axis of the
helix.">?* With the goal of confirming the above-discussed re-
sults for UV/visible, fluorescence and ICD spectroscopy studies,
we evaluated the interaction of ligands L? and L* and their re-
spective Re complexes (7 and 9) with CT DNA by LD spectros-
copy. By studying only these compounds, we have taken into
consideration that the presence of the methyl groups at the 3-
and 5-positions of the azole does not significantly affect the
affinity to DNA, and the binding modes, as well as the fact
that it was not possible to evaluate the Re complexes of L'
and L?, as discussed above.

In the intercalation of anthracene derivatives, the short and
long axes of the rings are oriented perpendicular to the DNA
helix and this should result in negative LD signals at both
absorption regions (230-300 nm and 300-450 nm) of the
probe." As shown in Figure 6, 3,5-Me,pzNN-Ant (L?) presents
a negative LD band in the chromophore absorption region
(300-450 nm); this suggests that the intercalation binding
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Figure 6. Absorption (upper panels), linear dichroism (LD, middle panels)
and reduced linear dichroism (LD, lower panels) of L? (top) and complex 7
(bottom) at different [DNA]/[probe] molar ratios: A) no probe; B) 25; C) 12;
D) 5. Spectra were recorded in 10 mm phosphate buffer at pH 7.2.
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mode is dominant for this compound. The reduced LD spec-
trum (LD,=LD/A,,; Figure 6, lower panels) provides further in-
formation on the average orientation of the transition moment
of L? relative to those of the DNA bases, and it allows one to
discriminate between homogeneous and heterogeneous bind-
ing. A nearly constant value of LD, over the range 310-450 nm
was observed; this confirms the intercalation of L? into the
DNA. The ligand L? induces an increase in the intensity of the
LD DNA band (230-300 nm), which indicates that the DNA
became more oriented upon the binding of L% At the highest
loading of L? (IDNAl/[probe] =5:1), there is a distortion of the
band, which is probably due to external stacking of L onto
the exterior of the helix. The corresponding Re complex, fac-
[Re(CO),{3,5-Me,pzNN-Ant}]Br (7), also displays relatively in-
tense LD peaks in the chromophore region, but this com-
pound does not induce a large stiffening of the DNA because
the measured LD values in the 230-300 nm region did not in-
crease significantly compared to those of DNA alone (Figure 6).
This indicates that the plane of the anthracene chromophore is
tilted with respect to that of the DNA bases, and therefore, the
complex seems to be only partially intercalated into the DNA.
At any rate, the negative LD signals in the long-wavelength
regions (300-450 nm) indicate that the transition dipole
moment, and thus the m-systems of 7 is almost coplanar to
the ones of the nucleic bases upon binding to the DNA; this
was also confirmed by the analysis of the LD, spectrum.

As seen in Figure 7, we did not observe any LD signal in the
chromophore-absorption region for Ant-3,5-Me,pzNN (L*) and
fac-[Re(CO);{Ant-3,5-Me,pzNN}IBr (9). This probably means that
the compounds are not intercalated between the DNA base
pairs. Alternatively, such behaviour could be justified by the
very low binding affinities of these compounds. However, this
seems not to be the case because the intrinsic binding con-
stants (K,) of L* and 9 are larger then those of L? and 7, which
displayed relatively intense LD signals in the chromophore
region.

Cell-uptake studies

In the design of *™c radiopharmaceuticals, the ability to
follow the trafficking and fate of the compounds at the cellular
and subcellular level in real time is highly desirable. However,
this is not achievable with the radioactive probes (**™Tc), which
are more adequate to obtain scintigraphic images from tissues
and organs inside the body. By profiting from the similarities
between the chemistry of Re and Tc, fluorescent probes that
are based on organometallic Re' complexes emerged recently
as an attractive alternative to bridge this gap between in vitro
fluorescence-imaging studies and in vivo radioimaging.”*”

As stated in the introductory part of the paper, we intended
to prove that the intrinsic fluorescence of anthracenyl chromo-
phores, which were introduced at different positions of the
framework of pyrazolyl-diamine chelators should enable us to
image the intracellular localisation of their Re'-tricarbonyl com-
plexes. To confirm this possibility, we studied the cell uptake of
the two Re complexes, fac-[Re(CO),{3,5-Me,pzNN-Ant}IBr (7)
and fac-[Re(CO),;{Ant-3,5-Me,pzNN}IBr (9), for which the DNA-
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Figure 7. Absorption (upper panels), Linear dichroism (LD , middle panels)
and reduced linear dichroism (LDr lower panels) of L* (top) and complex 9
(bottom) at different [DNA]/[probe] molar ratios: A) no probe; B) 25; C) 12;
D) 5. Spectra were recorded in 10 mm phosphate buffer at pH 7.2.

binding properties have been evaluated. This was done by
using fluorescence microscopy and B16-F1 murine melanoma
cells. As depicted in Figure 8, complexes 7 and 9 were both
detected (as blue fluorescence) inside the cells, with a signifi-
cant accumulation in the nucleus (especially in the nucleoli), as
confirmed by the simultaneous DRAQ5 labelling of DNA
(Figure 8, arrows in top panels).

Like 7 and 9, the respective ancillary ligands 3,5-Me,pzNN-
Ant L%, and Ant-3,5-Me,pzNN, L* were also able to enter the
cells, but accumulated almost exclusively in the cytosol
(Figure 8, bottom panels). Interestingly, this behaviour parallels
the one that has been recently described for a cationic organo-
metallic Ru" complex that contains a N-(anthracen-9-yl)imida-
zole co-ligand, for which the presence of the Ru" fragment also
enhanced the nucleus uptake of the compounds.”®

Conclusions

We have shown that the position that is used to introduce a 9-
anthrylmethyl group in the framework of pyrazolyl-diamine li-
gands has a crucial influence on the DNA-binding mode of the
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Figure 8. Fluorescence microscopy images of B16-F1 melanoma cells after
3 h of exposure to 80 um of complexes 7 or 9 (cyan colour in left and right
top panels, respectively) and compounds L? or L* (cyan colour in left and
right bottom panels, respectively), followed by fixation and DNA staining
with DRAQS5 (red colour in all panels), as described in the Experimental Sec-
tion. The detection of blue fluorescence in the cells reveals that complexes
7 and 9 entered the cytoplasm and nucleus, and frequently accumulated in
the nucleoli (white arrows). Compounds L? and L*, on the other hand, accu-
mulated in the cytoplasm and did not significantly target the nucleus, as
evaluated by the lack of blue fluorescence in cells’ nuclei (bottom panels,
cyan colour). White bar=20 pm.

compounds. Different spectroscopic techniques (UV/vis, fluo-
rescence, CD, LD) consistently demonstrated that the ligands
that have a terminal 9-anthrylmethyl group, pz*NN-Ant (pz* =
pz, L'; 3,5-Me,pz, L?) probably intercalate into the DNA helix.
To the contrary, the ligands that contain the same polyaromat-
ic group at the 4-position of the azole ring, Ant-pz*NN (pz*=
pz, L3; 3,5-Me,pz, L% act more like groove binders. This differ-
ence is certainly due to the steric requirements of the pyrazolyl
ring, which, because it is closer to the anthracenyl chromo-
phore in L? and L* hinders its intercalation. Similar effects have
been reported for other anthracene derivatives with bulky sub-
stituents at the 9 or 10-positions.'*??

The introduction of the 9-anthrylmethyl group in the frame-
work of pyrazolyl-diamine chelators did not compromise their
coordination capability towards the fac-[Re(CO);]* moiety. Sur-
prisingly, the substituents (H vs. Me) at the 3 and 5-positions
of the pirazolyl ring had a strong influence on the formation
of different diastereoisomers. Compound L' afforded a mixture
of complexes, while L>-L* led to the well-defined complexes
fac-[Re(CO)5{3,5-Me,pzNN-Ant}IBr  (7) and  fac-[Re(CO);-
{Antpz*NN}IBr (pz* =pz, 8; 3,5-Me,pz, 9) which were fully char-
acterised. The evaluation of the DNA-binding properties of 7
and 9 showed that these compounds follow the trend that
was observed for the corresponding ligands, that is, the mole-
cules with the 9-anthrylmethyl substituent at the 4-position of
the azolyl ring (9) tend to act as groove binders, while those
with a terminal anthracenyl group (7) are better able to inter-
calate into the DNA helix.

Regardless of the mode of interaction with DNA, complexes
7 and 9 can reach the nucleus of murine B16-F1 cells, as dem-
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onstrated by fluorescence microscopy. In contrast, the respec-
tive free ligands (L> and L*) accumulate preferentially on the
cytosol of the same cell line. Although in the case of L? the in-
clusion of the organometallic fragment decreases the ability of
the compounds to intercalate into DNA; it also seems to facili-
tate the nuclear uptake of the compounds. Currently, we are
studying the possibility of preparing the *™Tc congeners of 7
and 9. We expect that the radioactive complexes will also ac-
cumulate in the cell nucleus, and will induce enhanced DNA
damage, which is a crucial issue for potential radiotherapy
with ®™Tc radiopharmaceuticals.

Experimental Section

General procedures: The synthesis of the ligands and complexes
was carried out under a nitrogen atmosphere by using standard
Schlenk techniques and dry solvents, but the work-up was per-
formed under air. The compounds 9-bromomethylanthracene,?” 2-
(9-antrylmethyl)propane-1,3-diol,”® N'-[2-(3,5-dimethyl-1H-pyrazol-
1-yl)ethyllethane-1,2-diamine,’® N'-[2-(1H-pyrazol-1-yl)ethyllethane-
1,2-diamine,"® [Re(CO)sBrI® and (NEt,),[Re(CO);Br;]*" were pre-
pared by the literature methods. 'H and "*C NMR spectra were re-
corded on a Varian Unity 300 MHz spectrometer; 'H and "*C chemi-
cal shifts are given in ppm and were referenced with the residual
solvent resonances relative to SiMe,. IR spectra were recorded as
KBr pellets on a Bruker, Tensor 27 spectrometer. All the new li-
gands, L'-L* were characterised by Fourier transform ion cyclotron
resonance mass spectrometry (FT/ICR-MS) with electron impact
ionisation on an Extrel FTMS 2001-DT instrument. Electrospray
mass spectrometry measurements (ESI-MS) were performed for the
Re complexes (7-9) on a ThermoFinnigan LCQ mass spectrometer
in positive-ion mode. Thin layer chromatography (TLC) was done
by using plates from Merck (Silica gel 60 F254). Column chroma-
tography was performed on silica gel 60 (Merck).

Syntheses of the ligands

Pz(CH,),NH(CH,),NHCH-9-anthryl (L'): Solid 9-anthracenealdehyde
(86 mg, 1.25 mmol) was added to a solution of N'-[2-(1H-pyrazol-1-
ylethyllethane-1,2-diamine (193 mg, 1.25 mmol) and NEt; (253 mg,
2.5 mmol) in MeOH/CH,Cl, (1:3, 20 mL), and the resulting mixture
was stirred overnight at room temperature. Then NaBH, (0.032 g,
0.834 mmol) was added, and the mixture allowed to react for a fur-
ther 24 h. The solution was then washed with a sat. K,CO; solution,
and the organic layer was separated and dried over MgSO,. Re-
moval of the solvent under vacuum yielded an oily residue, which
was purified by silica gel column chromatography by using a gradi-
ent elution from dichloromethane to methanol, and finally to
methanol/ammonia (8:2). Removal of the solvent from the collect-
ed fractions yielded a dark-orange oil; yield: 54 mg, 0.14 mmol
(34%). "H NMR (CDCl,): 5=8.37 (s, TH; Ar), 8.30 (d, 2H; Ar), 7.98 (d,
2H; Ar), 7.48 (m, 5H; Ar + H-3/5 (p2)), 7.29 (d, TH; H-3/5 (p2)),
6.13 (t, 1H; H-4 (pz)), 4.68 (s, 2H; CH,), 4.12 (t, 2H; CH,), 2.93 (m,
4H; CH,), 273 ppm (t, 2H; CH,); *CNMR (CDCL): 6=139.4 (C-3
(pz)), 131.4 (C-5 (p2z)), 130.1 (Ar), 129.5 (Ar), 129.0 (Ar), 127.1 (Ar),
126.0 (Ar), 124.8 (Ar), 124.0 (Ar), 105.2 (C-4 (pz)), 51.8 (CH,), 49.2
(CH,), 49.0 (CH,), 48.7 (CH,), 45.4 ppm (CH,). FT/ICR-MS: m/z: 345.2
[M4H] .

3,5-Me,pz(CH,),NH(CH,),NHCH,-9-anthryl (L?): Compound L? is a
yellow solid that was prepared as described above for L' by react-
ing N'-[2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyllethane-1,2-diamine
(181 mg, 0.88 mmol) with 9-anthracenealdehyde (160 mg,
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0.88 mmol), but without using NEt,. The purification of L? was ac-
complished by silica gel column chromatography by using a gradi-
ent elution from dichloromethane to methanol; yield: 277 mg,
0.75 mmol (85%). '"H NMR (CDCl;): 5=8.37 (s, 1H; Ar), 8.29 (d, 2H;
Ar), 7.97 (d, 2H; Ar), 7.48 (m, 4H; Ar), 5.68 (s, 1H; H-4 (pz)), 4.69 (s,
2H; CH,,), 3.95 (t, 2H; CH,), 292 (m, 4H; CH,), 2.75 (t, 2H; CH,),
2.14 (s, 3H; CH5), 2.10 ppm (s, 3H; CH5); *C NMR (CDCl,): 6 =147.0
(C-3 (p2)), 138.6 (C-5 (pz), 131.1 (Ar), 129.9 (Ar), 128.7 (Ar), 126.7
(Ar), 125.6 (Ar), 124.9 (Ar), 124.5 (Ar), 123.8 (Ar), 1044 (C-4 (p2)),
49.2 (CH,), 48.8 (CH,), 48.6 (CH,), 48.0 (CH,), 45.2 (CH,), 13.1 (CHy),
10.6 ppm (CHs). FT/ICR-MS: m/z: 373.2 [M+H]*.

2-(9-Anthrylmethyl)propane-1,3-dialdehyde ~ (1):  DMSO (3.6 mL,
3.3 mmol) and NEt; (4.53 mL, 32.74 mmol) were added to a solu-
tion of 2-(9-anthrylmethyl)propane-1,3-diol (880 mg, 3.3 mmol) in
CH,Cl,, while keeping the temperature at 0°C. Then, pyridine:SO,
(2.57 g, 16.16 mmol) was slowly added to the mixture. After com-
plete addition, the reaction was warmed to RT and stirred over-
night. After washing with diethyl ether, the mixture was diluted
with CHCI; (100 mL), and the organic layer was washed with dis-
tilled water. The organic layer was separated, dried over MgSO,
and concentrated under vacuum to afford compound 1 as a
yellow oil; yield: 468 mg, 1.78 mmol (54%). '"H NMR (CDCl,): 6 =
13.60 (sbr, TH; OH), 8.43 (s, 1H; Ar), 8.14 (m, 4H; Ar + CH,), 8.02
(d, 2H; Ar), 7.50 (m, 4H; Ar), 4.53 ppm (s, 2H; CH,).

2-(9-Anthrylmethyl)pentane-2,4-dione (2): Acetylacetone (0.242 mL,
2.34 mmol) was added to a suspension of NaH (62 mg, 2.58 mmol)
in THF, and the mixture stirred for 2 h at RT. After cooling to 0°C,
solid 9-bromomethylanthracene (634 mg, 2.34 mmol) was slowly
added, and the resulting mixture was stirred overnight at RT. After
the addition of of aqueous 1N HCl (60 mL) at 0°C, the product
was extracted with diethyl ether. Removal of the solvent gave com-
pound 2 as a yellow oil; yield: 523 mg, 1.80 mmol (77%). 'H NMR
(CDCly): 6=8.34 (s, TH; Ar), 8.14 (d, 2H; Ar), 7.98 (d, 2H; Ar), 7.49
(m, 4H; Ar), 423 (t, 1H; CH), 4.14 (d, 2H; CH,), 1.93 ppm (s, 6H;
CHs).

4-(9-Anthrylmethyl)pz(CH,),OH (3): 2-Hydroxyethylhydrazine (120 pL,
1.79 mmol) dissolved in ethanol (20 mL) was added dropwise to a
solution of compound 1 (468 mg, 1.79 mmol) in CHCI;/EtOH (1:1,
20 mL), while keeping the temperature at 0°C. After complete
addition, the mixture was stirred at RT for 1h. The solvent was
removed under vacuum and the residue was purified by silica gel
chromatography by using a gradient elution from CH.Cl, to
CH,Cl,/MeOH (8:2). Compound 3 was recovered as a yellow oil
after removal of the solvent from the collected fractions; yield:
468 mg, 1.78 mmol (54%). 'H NMR (CDCl,): 0 =8.46 (s, 1H; Ar), 8.31
(d, 2H; Ar), 8.09 (d, 2H; Ar), 7.51 (m, 4H; Ar), 7.54 (s, TH; H-3/5
(p2)), 6.97 (s, 1H; H-3/5 (pz)), 4.80 (s, 2H, CH,), 3.99 (t, 2H; CH,),
3.81 ppm (t, 2H; CH,).

3,5-Me,-4-(9-anthrylmethyl)pz(CH,),OH (4): Compound 4 is a yellow
oil that was prepared and recovered as described above for 3, by
the reaction of 2-hydroxyethylhydrazine (50 pL, 0.72 mmol) and
compound 2 (209 mg, 0.72 mmol). The purification of 4 was done
by silica gel chromatography by using a gradient elution from
CH,Cl, to MeOH; yield: 127 mg, 1.78 mmol (62%). 'H NMR
(CDCl5):0=8.40 (s, 1H; Ar), 8.12 (d, 2H; Ar), 8.02 (d, 2H; Ar), 7.36
(m, 4H; Ar), 4.69 (s, 2H; CH,), 3.94 (m, 4H; CH,), 1.89 (s, 3H; CH,),
1.60 ppm (s, 3H; CH,).

4-(9-Anthrylmethyl)pz(CH,),Br (5): PBr; (336 uL, 3.57 mmol) was
added to a solution of compound 3 (539 mg, 1.79 mmol) in tolu-
ene, and the resulting mixture was refluxed overnight. After cool-
ing to room temperature, the toluene solution was successively
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washed with sat. ag NaHCO; and distilled water. The organic layer
was dried over MgSO, and the solvent was removed under
vacuum to afford compound 5 as an orange oil; yield: 553 mg,
1.51 mmol (84%). "H NMR (CDCl,): 6=8.39 (s, 1H; Ar), 8.22 (d, 2H;
Ar), 8.01 (d, 2H; Ar), 7.46 (m, 4H; Ar), 743 (s, 1H; H-pz), 6.92 (s,
1H; H-pz), 4.76 (s, 2H; ArCH,), 4.24 (t, 2H; CH,), 3.56 ppm (t, 2H;
CH,).

3,5-Me,-4-(9-anthrylmethyl)pz(CH,),Br (6): Compound 6 is an orange
oil that was prepared as described above for 5, by starting from 4
(127 mg, 0.35 mmol); yield: 77% (105 mg, 0.27 mmol). 'H NMR
(CDCly): 6=8.39 (s, 1H; Ar), 8.12 (d, 2H; Ar), 7.99 (d, 2H; Ar), 7.44
(m, 4H; Ar), 4.65 (s, 2H; Ar), 424 (t, 2H; CH,), 3.59 (t, 2H; CH,-pz),
1.87 (s, 3H; CH;), 1.65 ppm (s, 3H; CH,).

4-(9-Anthrylmethyl)pz(CH,),NH(CH,),NH, (L?): A solution of com-
pound 5 (553 mg, 1.51 mmol) in methanol was slowly added to a
solution of ethylenediamine (2 mL, 30 mmol) in the same solvent.
After complete addition, the resulting mixture was refluxed over-
night. The solvent was removed under vacuum and the residue
was dissolved in chloroform and washed several times with dis-
tilled water. The organic layer was separated, dried over MgSO,,
concentrated under vacuum and purified by column chromatogra-
phy (silica gel, by gradient elution CH,Cl,/MeOH 95:5 to CH,Cl,/
MeOH/NH,OH 60:40:4) to give an orange-yellow oil; yield: 39%
(204 mg, 0.59 mmol). 'H NMR (CDCl;): 6=8.35 (s, 1H; Ar), 8.22 (d,
2H; Ar), 7.98 (d, 2H; Ar) 7.44 (m, 4H; Ar), 7.38 (s, TH; H3/5-pz),
6.84 (s, 1H, (H-pz)), 4.72 (m, 2H; Ar-CH,,), 3.94 (t, 2H; CH,,) 2.84 (t,
2H; CH,), 2.58 (t, 2H; CH,), 2.47 ppm (brt, 3H; CH,, NH); '*C NMR
(CDCly): 6=138.7 (C-3, (pz)), 132.2 (C-5, pz), 131.6 (Ar), 129.6 (ArH),
129.1 (Ar), 128.5 (Ar), 126.2 (Ar), 125.7 (Ar), 124.9 (Ar), 124.5 (Ar),
120.5 (C-4 (pz), 51.8 (CH,), 51.6 (CH,), 49.0 (CH,), 41.3 (CH,),
22.9 ppm (CH,). FT/ICR-MS: (m/z): 345.2 [M+H]" .

3,5-Me,-4-(9-anthrylmethyl)pz(CH,),NH(CH,),NH, (L*): Compound L*
was synthesised as described above for L3, by starting from 6
(105 mg, 0.24 mmol) and ethylenediamine (320 uL, 4.8 mmol). L
was obtained as an orange oil after purification by silica gel chro-
matography by using a gradient elution from MeOH to MeOH/
NH,OH (8:2); yield: 45 mg, 0.12 mmol, (50%). 'H NMR (CDCl,): 6=
8.39 (s, TH; Ar), 8.15 (m, 2H; Ar), 8.00 (m, 2H; Ar), 7.42 (m, 4H; Ar),
4.65 (m, 2H; Ar), 3.94 (t, 2H; CH,), 2.88 (t, 2H; CH,), 2.66 (m, 2H;
CH,), 257 (m, 2H; CH,), 1.89 (s, 3H; CH,), 1.57 ppm (s, 3H, CH,).
BCNMR (CDCly): 6=146.0 (C-3 (p2), 136.0 (C-5 (p2)), 131.7 (Ar),
131.4 (Ar), 130.5 (Ar), 129.2 (Ar), 126.4 (Ar), 125.7 (Ar), 1249 (Ar),
124.7 (Ar), 114.37 (C-4 (p2)), 52.0 (CH,), 49.1 (CH,), 48.3 (CH,), 41.5
(CH,), 23.5 (CH,), 12.5 (CH;), 9.5 ppm (CH;). FT/ICR-MS: m/z: 373.2
[M+H]*.

Syntheses of the Re complexes

General procedure: The complexes fac-[Re(CO),{3,5-Me,pz(CH,),NH-
(CH,),NHCH,-9-anthryl (7)) and fac-[Re(CO);{pz*(CH,),NH(CH,),NH.}]
(pz* =4-(9-anthrylmethyl)pz (8), 3,5-Me,-4-(9-anthrylmethyl)pz (9))
were prepared by overnight reaction of [Re(CO);Br] with an equi-
molar amount of the respective ligand (L*-L*) in refluxing metha-
nol.

fac-[Re(CO)4{3,5-Me,pz(CH,) ,NH(CH,),NHCH,-9-anthryl}] (7): The syn-
thesis of complex 7 was accomplished by following the general
procedure, by using [Re(CO)Br] 132mg (0.325 mmol) and L?
(121 mg, 0.327 mmol). After removal of the solvent under vacuum,
the crude was dissolved in the minimum volume of THF. Upon
addition of n-hexane, a microcrystalline yellow solid precipitated.
The precipitate was washed with THF and dried under vacuum;
yield: 67 mg, 0.093 mmol (29%). '"H NMR (CD,0D): 6=8.67 (s, 1H;
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Ar), 8.41 (d, 2H; Ar), 8.15 (d, 2H; Ar), 7.70 (m, 2H; Ar), 7.57 (m, 2H;
Ar), 7.18 (brs, TH; NH), 6.09 (s, TH; H-4 (pz)), 5.55 (m, 2H; CH,,),
537 (m, TH; CH,), 450 (m, TH; CH,), 4.36 (brs, TH; NH), 4.02 (m,
1H; CH,), 3.52 (m, 1H; CH,), 2.81 (m, 1H; CH,), 2.62 (m, 2H; CH,),
2.39 (m, TH; CH,), 2.28 (s, 3H; CH5), 2.25 ppm (s, 3H; CH.). *C NMR
(CD;0D): 6=152.5 (C-3/5 (pz)), 144.1 (C-3,5 (p2z)), 131.4 (Ar), 130.5
(Ar), 130.1 (Ar), 129.9 (Ar), 128.2 (Ar), 126.3 (Ar), 125.6 (Ar), 122.2
(Ar), 108.2 (C-4 (pz)), 53.2 (CH,), 49.0 (CH,), 48.6 (CH,), 48.1 (CH,),
15.4 (CH,), 12.2 ppm (CH,). IR (KBr, v,,,,): 2024s, 1900s cm™' (C=0).
ESI-MS: (m/z): 643.0 [M]™*.

fac-[Re(CO);{4-(9-anthrylmethyl)pz(CH,),NH(CH,),NH.}] (8): The syn-
thesis of complex 8 was accomplished by following the general
procedure, by using [Re(CO)sBr] (53 mg, 0.130 mmol) and L3
(45 mg, 0.130 mmol). After evaporation of the solvent, the crude
was washed with chloroform, and the recovered yellow solid was
dried under vacuum; yield: 50 mg, 0.072 mmol (55%). 'H NMR
(CD,0D): 6=8.49 (s, 1H; Ar,), 8.32 (d, 2H; Ar), 8.08 (d, 2H; Ar), 7.89
(s, TH; H-3/5 (pz)), 7.47 (m, 4H; Ar), 7.38 (s, 1H; H-3/5 (pz)), 6.93
(brs, TH; NH), 5.26 (brs, NH), 4.44 (m, 1H; CH,), 4.31 (m, 1H; CH,),
4.10 (m, 2H; CH,), 3.41(brs; NH), 2.72 (m, 2H; CH,), 2.42 (m, 4H;
CH,), 1.97 ppm (m, TH; CH,). *C NMR ([DJDMSO): 6 =194.3 (C=0),
144.0 (C-4 (p2)), 133.0 (Ar), 131.6 (Ar), 131.3 (Ar), 129.3 (Ar), 129.2
(Ar), 126.5 (Ar), 126.4 (Ar), 125.3 (Ar), 124.6 (C-3,5 (pz)), 121.9 (C-3/5
(pz)), 79.2 (CH,), 54.7 (CH,), 51.7 (CH,), 47.8 (CH,), 21.9 ppm (CH,).
IR (KBF, v,,,,): 20265, 18965 cm™' (C=0). ESI-MS (m/z): 614.9 [M]*.

fac-[Re(CO);{3,5-Me,-(9-anthrylmethyl)pz(CH,),NH(CH,),NH,} (9): The
synthesis of complex 9 was accomplished by following the general
procedure, by using [Re(CO)sBr] (108 mg, 0.266 mmol) and L3
(100 mg, 0.267 mmol). The solvent was removed under vacuum
and the crude washed with n-hexane to afford complex 9 as a
yellow solid; yield: 190 mg, 0.262 mmol (98%). 'H NMR (CD,0OD):
0=8.49 (s, 1H; Ar), 8.16 (d, 2H; Ar), 8.05 (d, 2H; Ar), 7.49 (m, 4H;
Ar), 6.90 (br, 1H; NH), 5.38 (brs; NH), 460 (m, 1H; CH,), 438 (m,
1H; CH,), 4.02 (m, 2H; CH,), 3.82 (brs, NH), 3.41 (m, 1H; CH,), 2.84
(m, 2H; CH,), 2.44 (m, 4H; CH,), 2.22 (s, 3H; CH,), 1.66 ppm (s, 3H;
CHs); CNMR (CD;0D): 6=194.5 (C=0), 152.7 (C-3/5 (pz)), 142.3
(C-3/5 (pz)), 133.0 (Ar), 131.9 (Ar), 131.2 (Ar), 130.5 (Ar), 128.2 (Ar),
127.3 (Ar), 126.2 (Ar), 1254 (Ar), 1184 (C-4 (pz)), 55.7 (CH,), 43.1
(CH,), 30.7 (CH,), 24.1 (CH,), 14.9 (CH,), 10.0 ppm (CH,). IR (KBr,
Vo): 20255, 1889s cm ™' (C=0). ESI-MS (m/z): 643.0 [M]*.

DNA binding studies: Calf thymus DNA (CT DNA) sodium salt was
purchased from Sigma and was used without further purification.
The DNA concentrations per nucleotide of stock solutions in Tris
buffer (10 mm Tris, 50 mm NaCl, pH 7.4) were determined by
absorption spectroscopy at 260 nm, after adequate dilution with
the buffer and using the reported molar absorptivity of
6600 M 'cm "BV

The purity of the DNA samples was checked by monitoring the
value of the A/A,g ratio. All measurements that involved DNA
and the different test compounds (L'-L* 7 and 9) were carried out
in Tris buffer (10 mm Tris, 50 mm NaCl, pH 7.4) or in phosphate
buffer (10 mm, pH 7.2) that contained a small amount of DMSO [5-
10% (v/v)] due to the low solubility of the compounds in aqueous
medium.

The absorption and fluorescence titrations were performed by
keeping the concentration of the probe constant, while varying
the concentration of DNA. The titration data were fitted to a
simple Scatchard model, or to the McGhee-von Hippel site-exclu-
sion model to obtain the intrinsic binding constant (K,)."”'* All cal-
culations were done by considering the DNA concentration in base
pairs, and the data were corrected for volume changes.
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Absorption spectroscopy: UV/vis absorption spectra were record-
ed on Perkin-Elmer Lambda 9 or Jasco V560 spectrophotometers
by using 1 cm path-length quartz cells. In order to eliminate any
interference of the DNA absorbance in the region of the anthra-
cenyl chromophore absorbance, an equal amount of CT DNA in
Tris buffer was added to the sample and reference cells. After each
addition of CT DNA, the solution was allowed to equilibrate and
the absorption spectrum was recorded until there was no further
absorbance decrease.

The absorption titration data were fitted to Equation (1),""” where

D is the concentration of DNA in base pairs and Ae,,=[e,—¢] and
Ae=[eg—¢].

D/Ae,, = D/Ae +1/AeK, (1)

The apparent extinction coefficient, ¢,, is the ratio of the observed
absorbance of the sample and the total concentration of the
probe (Ays/[probel). &5 and & correspond to the extinction coeffi-
cients of the bound and free forms of the probe, respectively. The
obtained &5 value was confirmed through an independent method,
in which the absorbance was extrapolated from a linear plot of the
absorbance vs. 1/[DNA] for [DNA]> [probe]. The intrinsic binding
constant (K;) was determined from the plot of D/Ae¢,, vs D.

Fluorescence studies: Fluorescence spectra were recorded in a
Perkin—Elmer LS50B spectrofluorimeter with a sample holder ther-
mostatted at 28 °C using a quartz cuvette of 1 cm. After each addi-
tion of CT DNA in Tris buffer, the solution was allowed to equili-
brate for 2 min and absorption spectra were recorded in order to
determine the absorbance values at the excitation wavelength.
The fluorescence spectra were then recorded until there was no
further decrease in the fluorescence intensity. Ligands L' and L2
and complex 7 were excited at =340 nm, while L3, L* and com-
plex 9 were excited at 1=345nm. Emission and excitation slits
were chosen in order to maximise the fluorescence intensity. Emis-
sion spectra were recorded from A=360-600 nm, with a scan

speed of 100 nmmin~".

The fluorescent data were also used to determine the intrinsic
binding constant (K;) of the probes. The concentration of the free
probe in each sample (C;) was calculated according to Equation (2),
where C; is the total concentration of the probe and P is the ratio
of the observed quantum yield of the fluorescence of the bound
probe to that of the free probe "

Ce = C(I/1,—P)/(1—P) )

The value of P, which corresponds to the limiting fluorescence
yield, is the y-intercept from the plot of //l, vs. 1/[DNA], | and I, are
the fluorescence intensities of the probes in the presence or ab-
sence of DNA. The amount of bound probe (G) at any concentra-
tion is given by GG—C The binding constant (K,) and the binding
site size (n) in base pairs were obtained from the plot of r/C: vs. r,
where r=Cg/[DNA], according to the McGhee-von Hippel Equa-
tion (3)."”

r/Ce = Ky (1—=nr)[(1=nr)/[1=(n—T1)r]]"" 3)

Circular dichroism (CD) studies: The CD spectra were recorded at
28°C on a Jasco J-720 spectropolarimeter with a UV/vis (200-
700 nm) photomultiplier. Solutions of the probe and CT DNA in
Tris buffer were placed in a 1 cm (or 2 cm) path-length quartz cell,
and the spectra were recorded in the 250-500 nm region with sub-
traction of the buffer baseline. The following operating parameters
were used to collect the CD spectra: bandwidth, 0.5 nm; sensitivity,
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10 mdeg; resolution, 0.2 nm; scan speed, 50 nmmin~'; response
time, 4 s; accumulations, 1.

Linear dichroism (LD) studies: The LD measurements were per-
formed with a Jasco J500 A spectropolarimeter that was equipped
with an IBM PC and a Jasco Jinterface. The studies were done with
CT DNA in 10 mm phosphate buffer at pH 7.2, and the sample ori-
entation was produced by a device that was designed by Wada
and Kozawa for the studies of differential flow dichroism of poly-
mer solution at a shear gradient of 700 rpm.®? The reduced linear
dichroism, was defined by the ratio (LD,=LD/A;,) between the LD
values and the absorbance of the unoriented sample at rest (A;,),
which might be related to the orientation of DNA (S) and the
angle between the respective light-absorbing transition moment
and DNA helix axis according to Norden et al.?

Cell uptake by fluorescence microscopy: B16-F1 murine melano-
ma cells were grown at 37°C in DMEM medium (GIBCO) that was
supplemented with 10% fetal bovine serum, under a humidified
5% CO, atmosphere. For microscopy, cells were cultured overnight
on coverslips that had been sterilised in ethanol, and then placed
in sterile six-well plates in which ~5x10* cells per well were
plated. The next day the medium was discarded and replaced by
fresh medium that contained ligand or complex (80 um). The cells
were then exposed to compounds L? L* 7 and 9 for 3 h. After the
loading, the cells were washed with PBS and fixed for 20 min at
room temperature with PBS+3% paraformaldehyde. After three
washings with PBS, the cells on the coverslips were incubated in
5um DRAQ5 for nuclear staining for 20 min at RT, and then
washed three times with PBS. After washing, the coverslips were
mounted on standard microscope slides with glycerol+ 3% N-
propyl gallate to improve the optical conditions and to prevent
photobleaching. The samples were then imaged on a Leica DMRA2
upright microscope by using a 100x 1.4NA objective and a
Chroma + A4 UV filter for evaluating anthracene fluorescence (.,
max=350 nm, A,, max=410nm) and a Y5Cy5 red filter for
DRAQ5 (i, max=647 nm, A.,, max=670 nm). Images were ac-
quired and colour-combined by using a CoolSNAP HQ 1.3 Mpixel-
cooled CCD camera and the MetaMorph software.
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