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ABSTRACT: A meso-p-nitroaniline-calix[4]pyrrole derivative trans-coordinated
to a Pt(I) center was synthesized and its structure solved by X-ray analysis.
Adenosine monophosphate (AMP) was used as a model compound to evaluate
the potential for the assisted delivery of the metal to the DNA nucleobases via
the phosphate anion-binding properties of the calix[4]pyrrole unit. An NMR
investigation of the kinetics of AMP complexation in the absence of an H-
bonding competing solvent (dry CD;CN) was consistent with this hypothesis,
but we could not detect the interaction of the calix[4]pyrrole with phosphate in
the presence of water. However, in vitro tests of the new trans-calixpyrrole—
Pt(1I) complex on different cancer cell lines indicate a cytotoxic activity that is
unquestionably derived from the coexistence of both the trans-Pt(II) fragment
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and the calix[4]pyrrole unit.

B INTRODUCTION

Traditional cancer chemotherapy is severely hampered by the
toxic side effects of the drugs used for this purpose; hence, the
search for ways to achieve selective drug delivery to the
diseased tissues is a topic of considerable current activity. A
number of novel drug-delivery methods have emerged over
recent years that are based on the achievements of supra-
molecular chemistry and which include the use of dendrimers."
Passive targeting by the EPR effect” has been exploited using
drug—nanoparticles and drug—polymer conjugates,” and active
targeting has also been pursued, using chemical moieties that
are preferentially recognized by cancerous cells as part of the
drug’s structure, so that these moieties can act as ‘homing’
devices.* The achievement of effective cancer regression using
lower drug doses is also one of the objectives of selective drug-
delivery systems.

Platinum complexes are a group of anticancer drugs with a
long history, cis-[PtCl,(NH,),] being the first of a large number
of Pt(II) derivatives studied in this area, a few of which have
S Pi(1I) complexes have
recently received renewed attention with the introduction of a
number of new-generation drugs containing carboxylate ligands
associated with planar bulky amines and/or N-donor hetero-
cycles.” Moreover, the initial assumption that cis-stereo-
chemistry is an absolute prerequisite for anticancer activity,
fostered by the observation that the trans-[PtCl,(NH;),] is

reached and are still in clinical use.’
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inactive, has been re-examined by the discovery of a number of
trans-Pt(I1) derivatives that were found to be effective and/or
even complementary where cis-[PtCl,(NH;),] resistance was
observed.>® Extensive research in this area has thus
demonstrated that the nature of the ligands, along with the
cis-/trans-stereochemistry, plays a crucial role in the cytotoxic
activity of Pt(II) complexes.

Calixpyrroles are a class of molecular receptors that have
gained considerable interest due to their ability to bind anions’
and to act as ditopic (ion-pair) receptors'®
that can accept NH hydrogen bonds.">
1998, Sessler and co-workers'™ reported that SiO, stationary
phase functionalized with calix[4]pyrrole units could be used in
the HPLC separation of oligonucleotides and peptides with
advantages over sapphyrin-modified silica gels, thus indicating
the ability of the calix[4]pyrrole unit to recognize these anionic
biomolecules.

Inspired by the above-mentioned results on the separation of
oligonucleotides, we reasoned that, if an anticancer drug could
be associated with the calixpyrrole unit, then its delivery to
nucleobases (in DNA) could be improved as a result of the
interaction of the calix with the anionic phosphate units.'* With
these thoughts in mind, we prepared the aminophenyl
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Scheme 1. Synthetic Pathway to trans-S
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derivative of calix[4]pyrrole 4 (Scheme 1) to be used as a
suitable ligand in Pt(II) coordination. Here we report our initial
studies of a trans-Pt(II)-calixpyrrole derivative with potential
application as an anticancer drug.

B RESULTS AND DISCUSSION

meso-p-Aminophenyl derivative of calix[4]pyrrole 4 was
synthesized as described in Scheme 1. The method is similar
to that recently reported for a meso-ethyl-substituted analogue
of 3. Calix[4]pyrrole 3 was obtained by the same method
used for the cyclodimerization of 2,'® but in the presence of an
excess of pyrrole (S equiv). Mixing equimolar amounts of
calix[4]pyrrole 4 and cis-[PtCL(DMSO),] 1 in CH,;CN
resulted in the formation of pale-yellow crystals (mp 166—
168 °C).

The single-crystal structure of trans-S shows the platinum to
have a distorted square planar coordination geometry [cis
angles in the range 87.23(11)—94.41(4)°] with two trans-
chloride ligands, the nitrogen of an aminophenyl moiety, and a
sulfur-bound DMSO molecule comprising the coordination
sphere (Figure 1). Hence, after the substitution, a configura-
tional isomerization with respect to 1 has occurred.'” The plane
of the aminophenyl ring is inclined by ~106° to the mean plane
of the calix[4]pyrrole macrocycle [as defined by the four
quaternary carbon atoms C(6), C(14), C(22), and C(30)], and
the Pt(Il) coordination plane is inclined by ~110° to this
former plane such that the complex forms a U-shaped cleft.

An included DMSO solvent molecule is held within this cleft
by a series of N—H:-O hydrogen-bonding interactions
involving the N—H groups of three of the four pyrrole rings
(interactions a—c in Figure 1). Whereas these three pyrrole
rings are inclined to the mean plane of the calix[4]pyrrole
macrocycle by between ~47° and 61° with their N—H groups
pointing toward the trapped DMSO molecule, the fourth
[based on N(18)] is inclined by ~73° with the N—H group
pointing away from the hydrogen-bonded DMSO molecule.
This N—H group is not involved in any significant
intermolecular interactions. There is an approach of one of
the methyl hydrogen atoms of the encapsulated DMSO
molecule to the O(40) oxygen atom of its coordinated
counterpart, but with an O--H separation of ~2.56 A any
interaction can only be weak. If one takes into account that
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Figure 1. Crystal structure of trans-S. Selected bond lengths (A) and
angles (deg). Pt—CI(1) 2.2980(11), Pt—CI(2) 2.3090(11), Pt—N(38)
2.095(4), Pt—S(40) 2.2132(11), CI(1)—Pt—Cl(2) 176.02(4), CI(1)—
Pt—N(38) 87.23(11), CI(1)—Pt—S(40) 94.41(4), CI(2)—Pt—N(38)
88.98(11), CI(2)—Pt—S(40) 89.43(4), N(38)—Pt—S(40) 176.73(11).
The N—H---O hydrogen bonds have [N---O] and [H--O] separations
(A), and [N—H--O] angles (deg) of (a) 2.878(5), 1.98, 178; (b)
3.041(6), 2.17, 164; (c) 3.215(6), 2.40, 150, respectively.

trans-S crystallizes from a CH;CN solution (initial concen-
tration of the two reagents 17 mM) in which the only ‘available’
DMSO is the one displaced from the Pt(II) center, the
presence of the DMSO within the calixpyrrole moiety of trans-S
indicates a selectivity of over 1:10° (at least in the solid state)
with respect to acetonitrile, which is also known to form
hydrogen-bond complexes with calixpyrrole derivatives."® The
other included solvent molecule (an acetonitrile molecule) is
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Figure 2. Partial 'H MNR (500 MHz, CD,CL, 25 °C, 5 mM) spectra of 4 (a), and of the reaction mixture 4 + 1 (b—e) at the indicated times after
the addition of 1 equiv of 1. Selected signals are assigned using black squares and circles and white squares as shown in the reaction diagram.

linked to the outside of the complex by a hydrogen bond to the
aminophenol nitrogen atom N(38) with N--O and H--O
separations of 3.082(9) and ~2.22 A respectively, and an N—
H--O angle of 159°.

The formation of trans-5 was monitored by 'H MNR also in
CD,Cl, solution (5 mM) at 25 °C where crystals were not
formed at this concentration (see Figure 2). The displacement
of DMSO from the Pt center was indicated by a reduction of
intensity of the signal at § 3.50 for the bound DMSO in cis-
[PtCL,(DMSO),] 1 and the appearance of two new signals: one
at § 3.34 for the DMSO coordinated to the Pt(II) and one at §
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2.54 for the DMSO displaced from 1. The 'H NMR changes
described for the DMSO signals were consistent with the
spectral changes observed for the resonances pertaining to the
calixpyrrole unit. Upon formation of trans-S, the resonance for
the NH, unit at J 3.63 disappeared to give a broad singlet at &
6.02 for the newly formed Pt-NH, moiety. A new AA'BB’
system centered at 6 6.95 and 7.27 was formed, while the
resonances of the AA’BB’ system of the uncoordinated
calixpyrrole 4 at 6 6.55 and 6.74 disappeared. The general
downfield shift relative to the calixpyrrole protons clearly
indicated an happened Pt(IT) coordination. On the other hand,
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Scheme 2. Synthetic Pathway to trans-8
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the Pt-NH, amino and the bound DMSO protons did not show
the expected diagnostic coupling constant (*Jpy; and Jpyy
respectively) with 'Pt, even when lowering the magnetic
field strength (300 vs 500 MHz) or increasing the sample
temperature. The high molecular weight of trans-5 caused a
decrease of the Pt relaxation time (T,;) via the chemical
shielding anisotropy (CSA), thereby resulting in an observed
loss of the two typical satellite peaks."”> Moreover, on standing,
the compound developed a new resonance at ¢ 3.42 that
increased gradually, while the resonance at § 3.34 decreased by
a corresponding amount (the sum of the intensities for the two
signals remained constant). We assigned the new signal § 3.42
to the DMSO unit of cis-5, formed by a rearrangement at the
Pt(1I) center of the initially formed trans-S. Concomitantly, a
new AA'BB’ system appeared at 6 6.99 and 7.37, and an NH,
resonance at 6 5.80 increased in intensity over time, while the
resonances for the initially formed trans-S decreased (Figure S2,
Supporting Information). Within 77 h, the ratio between the
initially formed and the rearranged isomers was 75:25. Even in
the presence of an excess of calixpyrrole 4, only one of the
DMSO ligands of 1 was displaced from the Pt(II) center.
The formation of one trans-Pt(Il) coordination compound
that subsequently equilibrated with a rearranged cis-isomer
generated concern regarding the correlation between the
structure observed in the solid state and the stereochemical
assignments proposed for the species in solution. To address
this issue, a freshly prepared batch of the crystalline product
obtained from CH;CN was filtered from the crude mixture (the
sample had the same melting point as that analyzed by X-ray
diffraction), and it was immediately dissolved in CD,Cl,. The
"H NMR spectrum was recorded and found to be identical to
that of the coordination compound formed in the initial stages
of the reaction (i.e., before trans/cis isomerization equilibrium).
Free DMSO was also present in a 1:1 stoichiometric ratio with
respect to trans-S. On standing, the spectral changes described
above for the partial trans-S/cis-S equilibration was observed.
However, all our attempts to isolate cis-S as a pure compound
from CH;CN solutions were unsuccessful, probably because it
does not yield crystals and/or it equilibrates to trans-S as this is
subtracted from the solution during its crystallization. Solutions
of trans-5 that did not contain free DMSO (displaced from 1,
see Supporting Information [SI]) were found to be configura-
tionally stable (over 24 h at 25 °C in either CD,Cl, or
CD;CN). Thus, the presence of ‘free’ DMSO plays a crucial
role in the isomerization process described above. In fact, in
separate experiments we observed that the trans/cis isomer-
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ization was accelerated on the addition of free DMSO to a
solution of trans-S.

The DMSO molecule in the solid-state structure of trans-S
prompted us to investigate whether the calixpyrrole moiety
plays an accelerating role toward the formation of this
compound. In fact, the calixpyrrole unit could either assist
the departure of one DMSO molecule from the Pt(II) center in
1 through its complexation, or it could favor the approach of
the NH, unit to the Pt(I) center by clamping to a bound
DMSO moiety of the metal complex 1. Coordination of DMSO
to the calix moiety of trans-S could also accelerate the observed
trans/cis isomerization. Calixpyrroles are also capable of
complexing chloride.””'* We therefore compared the formation
of trans-S with those of dipyrromethane derivative 6 (Scheme 2,
Figure S3 in SI) and p-toluidine 7 (Figure S4 in SI), which both
contain the NH, ligand but not the calixpyrrole moiety. The
kinetic study of the substitution reactions of 1 with ligands 4, 6,
and 7 (CD,Cl, at 25 °C in a 1:1 molar ratio 10 mM) provided
second-order rate constants k,/s™' M™' (see SI) 0.311
(£0.006), 0.143 (£0.004), and 0.261 (+0.007) for trans-S,
trans-8, and trans-9, respectively. The observed t,,, were 330,
750, 450 s, respectively (Figures S5—S7, SI).

The intensities of the diagnostic '"H NMR signals were used
to measure the progress of the reactions (see Figures S3—S4 in
SI). Stereochemical assignments were based on analogies of the
"H NMR resonances of these compounds with those of the
corresponding substructure(s) present in trans-S. In all cases
the trans/cis isomerization of the initially formed amino-Pt(II)
complexes were marginal until nearly quantitative displacement
of one mole of DMSO from 1 had occurred. However, while
trans-8 was sufficiently stable to be isolated as a pure isomer,
stereochemically pure 9 could not be isolated. Interestingly, in
the p-toluidine trans-9/cis-9 derivatives, characterized by a
lower molecular weight than trans-5/cis-S, the protons for the
amino unit and the DMSO directly bonded to the platinum(II)
center exhibited typical '**Pt satellites (60 vs 70 Hz, and 20 vs
25 Hz, see SI). The difference in '**Pt coupling constants for
the two species was in agreement with the slightly different
trans influence exerted by the dimethylsulfoxide/amino groups
(trans-9) and the chloride moieties (cis-9).°

The amino-ligands 4, 6, and 7 have similar electronic
requirements, but they have substantially different steric bulk. If
we compare rates for p-toluidine, 7, and dipyrromethane
derivative 6 (t;,, = 450 and 750 s, respectively), we observe a
difference that is qualitatively consistent with the larger steric
hindrance of 6. However, the bulkier 4 has a t,, of 330 s, a
value that suggests an active role for the calixpyrrole. However,
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Figure 3. Partial 'H NMR spectra (CD;CN/D,0 80:20 v/v, 1.5 mM, 25 °C) of (a) trans-5; (b) the reaction mixture of trans-5 and (TBA),AMP 11
(1:1) 1.5 h after mixing; the signals reproduced in the inset with expanded vertical scale are consistent with the presence of the indicated m/z values

in the ESI-MS spectrum of this mixture; (c) (TBA),AMP 11.

when the concentration of 4 was doubled, t, , for the formation
of trans-S was 180 s (Figure SSb in SI). This further evidence of
second-order kinetics suggests that the formation of trans-S
does not occur within a supramolecular [4 + 1] complex.”!
However, complexation of the displaced DMSO by the newly
formed trans-5 (and possibly by unreacted 4) would slow down
the back re-entry reaction of DMSO, thus producing the
observed acceleration compared with that in which trans-8,
lacking the assisting calixpyrrole cavity, is formed.

As our objectives included an evaluation of the biological
activity of trans-5, we tested its stability in the presence of two
species that are ubiquitous in the biological environment: water
and chloride. No significant spectral changes were observed in
D,0O-saturated CD,Cl, or in D,0/CD;CN (20:80, v/v)
solutions after over 4 h. Appreciable stability was also observed
in the presence of chloride [trans-5/TBACI 1:10, in D,0/
CD,CN (20:80, v/v), S0 mM in chloride, ie. ~5 times the
chloride concentration normally found in plasma).** Under
these conditions only 30% of the Pt(II) in trans-S was displaced
after 24 h. Although the formation of aqua species is believed to
be a key step for the cytotoxic activity of Pt complexes,* we
were pleased with the observed stability of trans-S, as it
supports the assumption that trans-S is, at least initially, the
chemical species that interacts with the cells in the in vitro tests
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(vide infra). Similar considerations apply for the stability in the
presence of chloride.

Since DNA is a polyphosphate, we then tested the ability of 4
and of trans-5 to interact with TBAH,PO, and (TBA),HPO,.
Significant complexation-induced shifts were observed in the
"H NMR spectra (CD,Cl,) while trans-5 was not decomposed
by these anions. However, the measurement of association
constants was hampered by the extensive broadening of the
NMR resonances before an excess of salts was added (e.g. see
Figure S8 in SI for trans-S + TBAH,PO,).

We arbitrarily selected adenosine monophosphate (AMP) as
a DNA model that could be used in a preliminary investigation
of the ability of trans-S to deliver the Pt(II) drug to a
nucleobase,”® and we tested the ability of 4 to form a
supramolecular complex with the (TBA),AMP 11. The 'H
NMR spectrum of a mixture of 4 and (TBA),AMP 11 (1.7:1 in
CD;CN, Figure S9 in SI) shows a broadening of all the calix
resonances, especially for the pyrrole NH units that could not
be located, even at —40 °C. The formation of a complex was
also confirmed by a significant A in the *'P{'H} NMR
spectrum (4.20 to 3.10 ppm). The reaction of trans-S with
(TBA),AMP was investigated by "HNMR in CD;CN (1:1; 1.§
mM, 25 °C). On mixing the reagents, the pyrrole NH units
shifted and appeared as broad signals at higher ppm values.

dx.doi.org/10.1021/ja307791j | J. Am. Chem. Soc. 2013, 135, 2544—2551
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Table 1. In Vitro Cytotoxicity of Compounds 6 and 4 and of Their Pt(II) Derivatives trans-8 and trans-5, Compared with That
of trans- and cis-[PtCl,(NHj;), ], Oxaliplatin, and Carboplatin in a Human Cancer Cell-Line Panel As Assessed by the MTT Cell

Viability Assay”

cmpd A2774% OVCAR3?
6¢ >100° >100
trans-87 32 (8) 48 (13)
44 98 (60) 103 (41)
trans-57 23 (3) 35 (13)
trans-[PtCL(NH,),]? >100 >100
cis-[PtCL(NH,), V' 5 (4) 6 (2)
oxaliplatinf 1.3 (1) 0.5 (0.1)
carboplatirrf 54 (1) 56 (2)

SKOV3Y MDA-MB-231°¢ MCF7°¢
>100 >100 >100

46 (16) 39 (8) 64 (51)
106 (42) 89 (12) 114 (31)
28 (17) 26 (12) 40 (27)
>100 >100 >100

4 (1) 5(1) 18 (12)
0.7 (0.2) 1.7 (1) 1(0.3)
73 (6) 63 (13) 89 (7)

“Values are ICy, in 4M, expressed as mean values (+SD) of at least three independent experiments (72 h drug exposure). "Human ovarian cancer
cell line. “Human breast cancer cell line. “Concentration range from 10 to 100 gM/L. “>100: no cytotoxic activity was detected within the
concentration range tested. JConcentration range from 0.05 to 500 yM/L.

These changes are consistent with the formation of a complex
between the calixpyrrole moiety of trans-S and the anionic
component of the nucleotide. All of the nucleotide resonances
were also considerably broadened. The substitution toward the
Pt(II) complex by the nucleobase was indicated by the
formation of uncoordinated 4, while all of the AMP protons
broadened, hampering any & assignment (Figure S10 in SI).
When the same experiment was performed in CD;CN/D,0, a
number of signals could be detected for the adenine moiety
(Figure 3) consistent with a mixture of complexation products
which were not isolated.>*® However, additional evidence for
AMP coordination was provided by ESI-MS (negative ion
mode) of the crude mixture (Figure S11 in SI), which
contained signals at m/z values consistent with the presence of
[Pt(OH),(CH,CN)AMP], [PtCl(OH)(CH,CN)AMP],
[PtClL,(CH,CN)AMP], and [PtCI(CH,CN)(AMP),]. All of
these peaks exhibited an isotopic pattern consistent with the
indicated composition.

To investigate whether the calixpyrrole fragment played an
active role for the transfer of Pt(Il) from trans-S to the
nucleobase, the kinetic behavior of the reaction was analyzed,
and this could be fitted to a first-order model (the observed ¢, ,,
differences, i.e. 690 and 670 s for trans-5:11 being 1:1 and 1:4,
respectively, were within experimental errors, see Figure S12 in
SI). These kinetic results are consistent with the coordination
of the nucleobase taking place within the preformed [trans-
S-11]complex. Although we could not measure the association
constant for this complex by NMR titration, it is evident that at
the concentration used for this study it is little dissociated.
Increasing the concentration of 11 cannot significantly shift the
equilibrium toward its formation any further, and if the reaction
occurs mostly within the [trans-S-11] complex, the reaction rate
is only marginally affected by changes in the concentration of
11. Additional evidence for the ‘intra complex’ occurrence of
the coordination is provided by the interference of TBAF,
because fluoride can effectively compete with phosphate
binding by the calixpyrrole unit (Figure S13 in SI).”* In fact,
the observed t,/, for the reactions [(TBA),AMP + trans-S
(1:1)] and [(TBA),AMP + trans-S + TBAF (1:1:1.1)], at 25
°C, 1.5 mM trans-5 in CD;CN, were 690 and 1200 s (see
Figure S14 in SI for the latter value).

Reactions of trans-5 with 11 in CD;CN/D,O (80:20 v/v)
could still be fitted to a first-order rate law, although they were
slower than the analogous reactions in dry CH;CN, with the
only effect that the increased concentration of 11 moved the
equilibrium toward the complete formation of the final species,
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suggesting the presence/contribution of a more complex
model, but we did not investigate this further (Figure S15 in
SI). Calixpyrroles have been shown to be able to bind anions
with significant strength even in the presence of water,”
although less effectively than in the absence of hydrogen-
bonding competing solvents. However, water may also produce
Pt(II) aqua species, and these would be reactive intermediates
producing ‘apparent’ first-order kinetic behavior. However,
trans-8 reacted with 11 with a first-order kinetic behavior, at
essentially the same rate in both dry CD;CN and CD;CN/D,O
(80:20 v/v) (Figures S16, S17 in SI t,,, 1500 and 1400 s,
respectively). The dipyrromethane unit of trans-8 is expected to
bind phosphate considerably less effectively than the
calixpyrrole in trans-S, and for trans-8 there was no evidence
of an ‘intracomplex’ reaction of 11. Since an intramolecular
substitution could not take place, most probably in this case the
first-order kinetic could be ascribed to a solvolytic pathway.
Overall, the above kinetic studies indicate that the calixpyrrole
unit is playing a role in the nucleobase coordination by means
of trans-S under dry conditions, and it might still contribute to
some extent in the presence of water.

Ligands associated with either trans- or cis-Pt(II) have been
shown to play a crucial role in the cytotoxic activity of this
metal.” We therefore tested trans-5 and trans-8 for their
cytotoxicity toward a panel of human cancer cell lines (Table 1)
using a cell viability assay based on tetrazolium reduction. A
comparison between trans-5 and trans-8 was expected to define
the importance of the whole calixpyrrole moiety, free ligands 4
and 6 were used as ‘blanks’, trans- and cis-[PtCl,(NH;),],
oxaliplatin, and carboplatin as benchmarks.** The cytotoxic
activity of the different compounds and complexes was first
tested in dose—response experiments at different time points
(24, 48, and 72 h) of continuous exposure. The representative
experiments (see Figure S18 in SI) show that the cytotoxic
activity of trans-S and trans-8 is already observed at 24 h and
reaches its maximal effect at 72 h. Interestingly, the cytotoxic
effect of trans-S and trans-8 was detectable earlier than that of
the reference cytotoxic drug, cis-[PtCl,(NH;),], which had
limited effect at 24 h. As reported in Table 1, A2774, OVCAR-
3, and SKOV-3 ovarian carcinoma cells were sensitive to the
trans-5 complex with an average ICs, of 23, 35, and 28 uM,
respectively (at 72 h), while trans-[PtCl,(NHj;),] showed no
toxicity in the concentration range tested (10—100 uM). trans-
5 was consistently more effective than carboplatin but less than
cisplatin and oxaliplatin. In addition, the calix[4]pyrrole
derivative 4 had very limited toxicity with ICy, close to 100

dx.doi.org/10.1021/ja307791j | J. Am. Chem. Soc. 2013, 135, 2544—2551
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UM in the three cell lines. Complex trans-8 also showed
cytotoxic activity with ICg, of 32, 48, and 46 uM, respectively
whereas the dipyrromethane derivative 6 showed no toxicity.
Since DMSO is a ligand that does not promote the activity of
Pt(II) derivatives®® these data indicate that ligands 4 and 6
confer cytotoxic activity to the otherwise inert trans-
[PtCl,(NH;),]. Similar results were obtained with breast
cancer cell lines MDA-MB-231 and MCF7 (Table 1).

To mimic the situation in vivo, where the drug exposure time
is limited by its clearance, cytotoxic activity was evaluated by a
short treatment (3 h) of the cells with the different compounds
and complexes, followed by cell culture for 72 h. As shown in
the representative experiment of Figure S19 in SI, trans-8 and
trans-S had significant cytotoxic activity (ICy, of 61 and 66 uM,
respectively), which appeared more similar to that of cis-
[PtCL,(NH;),] (ICs, = 56 uM) under these experimental
conditions.

To gain more insight into the cytotoxic mechanisms of trans-
Pt complexes $ and 8, we evaluated apoptosis by the annexin-
V/propidium iodide (annexin-V/PI) method in A2774 cells
after a 24-h treatment. As shown in Figure 4 (and Figure $20 in
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Figure 4. Flow-cytometric analysis of annexin-V/PI staining of A2774
ovarian cancer cells treated with the different compounds at their ICg,
dose or their acetonitrile solvent for 24 h. Viable cells take up no
stains. Cells stained with PI alone are necrotic, whereas cells stained
with annexin V-FITC alone represent early apoptosis. Cells in the final
stages of apoptosis take up both stains. Data are expressed as the
percentage of cells in each category.

SI), both trans-8 and trans-S complexes induced apoptosis in
ovarian cancer cell lines. In particular, trans-8 efliciently
induced an apoptotic response, whereas in samples treated
with trans-S a considerable percentage of necrotic cells was also
detected.

The antitumor activit;r of cis-[PtCl,(NH;),] is related to the
induction of apoptosis.2 However, both apoptosis and necrosis
have been found in the same population of cis-[PtCl,(NH;),]-
treated cells,”® possibly as a result of cisplatin-induced damage
to the apoptotic program.

B CONCLUSIONS

This work was stimulated by the results of the kinetic studies
discussed above and by the idea that calixpyrrole 4 could target
the delivery of platinum drugs to DNA. We currently cannot
provide irrefutable proof that the observed cytoxic activity of
trans-S can be explained by a mechanism involving the initial
formation of a complex between its calixpyrrole unit and the
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DNA phosphate groups under the conditions and in the
presence of the complex chemical mixture that is used for cell
cultures. Nevertheless, our hypothesis is supported by a
molecular modeling and docking simulation (see SI and Figure
S21). According to this model, trans-S forms hydrogen bonds
between the pyrrole rings of the calyx and two oxygen atoms of
a phosphate, consequently pointing the trans-Pt inside the
minor groove toward two consecutive adenine residues. The
results obtained to date indicate that the calixpyrrole unit has
considerable potential for the development of new anticancer
trans-Pt(1I) drugs. In vitro trans-S outperforms the widely used
carboplatin but lags behind oxaliplatin and the very toxic
cisplatin. A comparison with the compounds used as blanks
also indicates that trans-S and trans-8 reach the biological site of
action (most likely DNA) before losing the ligands 4 and 6
respectively. In this study we found that calixpyrrole 4 and
dipyrromethane 6 have low cytotoxicity. We also observed that
dipyrromethane 6 may produce proliferative effects (see Figure
S18 in SI), and we plan additional studies to uncover the
origins of this property. To the best of our knowledge, the work
presented here is the first report on the biological activity of
calixpyrroles, and it also shows that this class of receptor
molecules, whose host guest chemistry was uncovered by the
seminal work of Sessler and co-workers,'" is still rich in
potential applications even after 16 years of research.
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