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Reaction of the 2-(arylazo)anilines Ar-N=N-CgH,NH,
[HL"NH,; Ar = CgHs (HL'), p-CH3;CgH, (HL2), p-CICgH,
(HL?)] with K,PtCl, in dmso affords the new Pt azoimine
complexes [(HL"NH)Pt(dmso)Cl] where the chloride and
dmso ligands are mutually cis. In contrast, treatment of
Na,PdCl; with HL"NH, in dmso gives the chloro-bridged
palladium dimer [{(HL"NH)PdCl},] as the major product
along with [(HL"NH),Pd] as the minor product. Further, the
reaction of HL"NHCH,Ph with K,PtCl, in dmso also gives
[(HL"NH)Pt(dmso)Cl] whereas Na,PdCl, affords the ortho-
palladated complexes [(L"NHCH,Ph)PdCl]. This means that
the N-C(CH,Ph) bond is selectively cleaved by K,PtCl,. The
reaction of [(HL"NH)Pt(dmso)Cl] with acetylacetone (acacH)

gives the heteroleptic complex [(HL"NH)Pt(acac)]. [(HL"NH)-
Pt(dmso)Cl] and [(HL"NH)Pt(acac)] display a reversible re-
ductive response at —1.20 and -1.46 V vs. SCE, respectively,
in their cyclic voltammograms. The nature of the redox orbit-
als has been determined semi-empirically employing the
EHMO method. The cytotoxicity of [(HL'NH)Pt(dmso)Cl] has
been examined with HeLa cells and the sub-lethal dose
(8 uM) determined by dose-dependence studies. The relative
degree of apoptotic and necrotic cell death using a sub-lethal
dose were measured by flow cytometry.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Pt'" complexes have been known for a long time and their
importance was enhanced with the discovery of cisplatin.
Cisplatin and carboplatin are two widely used anticancer
drugs although there are certain limitations in their thera-
peutic uses, therefore several appropriately designed models
of Pt complexes have been clinically tested in search of
suitable alternatives.'"”) One of the proposed models for
Pt'l-based chemotherapeutic agents is [Pt(L)(dmso)Cl],
where L is a bidentate anionic ligand and the anticipated
labile ligands are dimethyl sulfoxide (dmso) and chlo-
ride.l'%131 These reports encouraged us to study the in vitro
cytotoxic properties of our newly synthesized diazoketimin-
ato complex [(HL'NH)Pt(dmso)Cl] in view of its impor-
tance as a potential model of anticancer agents.
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The work reported here stems from our interest in the
coordination chemistry of platinum complexes incorporat-
ing bidentate (N,N), anionic, and delocalized diazoketimine
ligands 1. We have previously reported the bis-chelate com-
plexes of Pd™ and Pt incorporating 1,l'4!3! and herein we
report the reactions of Na,PdCl; and K,PtCl, with the li-
gand precursors Ar-N=N-CcH;NH, [HL"NH,; Ar = C4H5
(HL"), p-CH3C¢H, (HL?), p-CIC¢H, (HL?)] and
HL"NHCH,Ph in dmso. Aspects related to N-C(alkyl)
bond cleavage with K,PtCl,, the redox properties of the
new platinum complexes formed, and a comparison of the
reactivities of Pt and Pd" substrates toward similar li-
gands are also described in this paper.
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Reaction of the 2-(arylazo)anilines HL"NH, or their N-
benzylated derivative HL"NHCH,Ph with K,PtCl, affords
the electroactive complexes of the desired composition,
namely [(HL”"NH)Pt(dmso)CI]. Reaction of the same li-
gands with Na,PdCl; was also performed to confirm that
cleavage of the N-C(benzyl) bond only occurs with
K,PtCly. The reactions of [(HL"NH)Pt(dmso)Cl] with the
bidentate ligand acacH to give the new heteroleptic bis
complexes of composition [(HL"NH)Pt(acac)] show the fea-
sibility of substituting the ClI- and dmso ligands in this
complex. All new complexes have been characterized une-
quivocally and their structures confirmed by X-ray crystal-
lography. The electron-transfer properties of the Pt'' com-
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plexes have been examined electrochemically and the results
rationalized by employing semi-empirical EHMO calcula-
tions. The dose dependence and nature of cell (HeLa) death
(apoptotic or necrotic) have also been studied for
[Pt(HL'NH)(dmso)ClI].

Results and Discussion

Syntheses and Reactions

The reaction of HL"NH, or HL"NHCH,Ph with
K,PtCl; in warm dmso affords the pink complexes
[(HL"NH)Pt(dmso)Cl] in good yield (Scheme 1). Addition
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of K,PtCl, to warm dmso is excepted to form the dmso-
coordinated Pt complex, which is likely to be the actual
metal substrate that reacts with the ligands.

The formation of [(HL"NH)Pt(dmso)Cl] prompted us to
examine the reactions of the same ligands with Na,PdCl,
in warm dmso. The results of these reactions are summa-
rized in Scheme 2.

The minor product [Pd(HL"NH),] has been prepared in
good yield previously,'™ while the major product,
[{(HL"NH)PdCI},], is isolated here for the first time. Its
structure was confirmed by X-ray crystallography (see be-
low). The orthopalladated complex [(L"NHCH,Ph)PdCl]
was obtained, as expected,'® upon treatment of
HL"NHCH,Ph with Na,PdCl,, whereas the same reaction
with K,PtCl, gives [(HL"NH)Pt(dmso)Cl] by cleavage of
the N-C(benzyl) bond of HL"NHCH,Ph. Subtle difference
in the properties of Pt'! and Pd™ are likely to be the origin
of this mismatch in reactivity between Na,PdCl, and
K,PtCly.

Reaction of [(HL"NH)Pt(dmso)CI] with the bidentate li-
gand acetylacetone (acacH) was performed in boiling meth-
anol to give the blue neutral heteroleptic bis complex
[(HL"NH)Pt(acac)] (Scheme 3). Substitution of the mutu-

CH,
- B 3
(HL"NH)P{DMSO)Cl — 2 NN 0
methanol — Pt :_>
reflux N/ )
| CH,
H
(HL'NH)Pt(acac)
Scheme 3.

ally cis dmso and CI" ligands of [(HL"NH)Pt(dmso)Cl] by
acetylacetonate indicates the possibility of coordination of
this complex with the nucleoside bases of nucleic acids.

Spectroscopic Characterization

The complexes [(HL"NH)Pt(dmso)Cl] and [(HL"NH)-
Pt(acac)] dissolve in common organic solvents to give pink
and blue solutions, respectively, consistent with the relative
energies of absorptions in the visible region {approx.
560 nm for [(HL"NH)Pt(dmso)Cl] and approx. 600 nm for
[(HL"NH)Pt(acac)]}. The positions of other higher energy
absorption bands for all the complexes are alike with char-
acteristic shifts. The relevant data are collected in Table 1
and representative spectra of [(HL!'NH)Pt(dmso)Cl] and
[(HL'NH)Pt(acac)] are shown in Figure 1.

57.0

-34.2

450.0
—> A (nm)

Figure 1. UV/Vis spectra of [(HL'NH)Pt(dmso)Cl] (—) and
[(HL'"NH)Pt(acac)] (---). The arrows indicate the scales of the cor-
responding spectrum.

The IR spectra of complexes [(HL"NH)Pt(dmso)Cl] in
solid KBr exhibit sharp vy_y absorptions in the range
3284-3291 cm™!, thereby indicating the presence of one

Table 1. UV/Vis,[™ IR [® and cyclic voltammetric data for [(HL"NH)Pt(dmso)Cl], [(HL"NH)Pt(acac)], and [{(HL'NH)PdCl},].

Compound Jmax [nm] (¢ [MTem 1)) ¥ [em ] Eyp [V
VN-H Ve=N VN=N Vs=0 Vpt-Cl (AE, [mV])

[(HL'NH)Pt(dmso)ClI] 555 (7300), 520 (8640) 3284 1618 1341 1112 371 -1.120 (80)
330 (18400), 280 (44660)

[(HL>NH)Pt(dmso)Cl] 560 (5180), 530 (5890) 3291 1615 1342 1118 374 —1.246 (95)
340 (14500), 275(34600)

[(HL*NH)Pt(dmso)ClI] 560 (11320), 530 (12270) 3289 1617 1342 1120 372 -1.152 (95)
3400 (27350), 275 (71130)

[(HL'NH)Pt(acac)] 600 (7430), 565 (6600) 3330 1615 1341 - - -1.473 (110)
340 (17150), 270 (51230) 3349

[(HL>NH)Pt(acac)] 600 (2800), 565 (3070) 3321 1616 1347 - - -1.510 (115)
350 (10800), 270 (25870) 3335

[(HL*NH)Pt(acac)] 600 (4800), 570 (5420) 3320 1617 1340 - - -1.410 (100)
345 (14120), 270 (37850) 3350

[{(HL'NH)PdCl},] 560 (5000), 525 (5150) 3338 1615 1333 - - -
330 (17100)

[a] In dichloromethane. [b] In KBr disc. [c] vs. SCE in CH3;CN as solvent; supporting electrolyte: NBuyClOy,.
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amino proton. Surprisingly, the complexes [(HL"NH)Pt-
(acac)] exhibit two overlapping vy p absorptions in the
range 3320-3350 cm !, which may be due to a site effect in
the solid state.'”! The vn=pn absorptions of both complexes
are shifted to lower frequency (1340-1347 cm™!) than in the
free ligands HL"NH, (approx. 1460 cm™!).l141518.191 The
strong band observed at around 1617 cm! which is absent
in the free ligands can be assigned to the vc—n absorp-
tion.[141518.191 The blue-shift of the vg-o absorption for
complexes [(HL"NH)Pt(dmso)Cl] (1112-1120 cm ') com-
pared to free dmso (1050 cm™') indicates S-coordination.
The vp,_ ¢ absorption of [(HL"NH)Pt(dmso)Cl] appears in
the range 371-374 cm™!. Relevant IR data are also collected
in Table 1.

The 'H NMR spectra of complexes [(HL"NH)Pt(dmso)-
Cl] display a resonance near 6 = 3.5 ppm for coordinated
dmso while the aromatic protons of the coordinated
(HL"NH)  ligands appear in the range 6 = 6.58-7.75 ppm.
The proton counts match well with the composition,
thereby indicating no mismatch with the molecular struc-
ture in solution. The '"H NMR spectroscopic data are listed
in Table 2. Although the spectrum of [(HL'NH)Pt(dmso)-
Cl] is slightly more complicated in the aromatic region, the
proton count is consistent with the composition. The spec-
tra of [(HL>NH)Pt(dmso)Cl] and [(HL*NH)Pt(dmso)CI]
are well resolved in the aromatic region, where two doublets
and two triplets, each integrating for one proton, appear for
2-H, 3-H, 4-H, and 5-H (the atom numbering scheme is
shown in Figure 3, a). Two doublets, each integrating for
two equivalent protons, are observed for §,12-H and 9,11-
H. A representative spectrum for [(HL?NH)Pt(dmso)Cl] is
shown in Figure 2. The N-H resonances for these com-
plexes fall within the aromatic region and are overlapped
by other resonances of the aromatic protons. However, the
proton count matches the composition (HL”"NH), thereby
confirming the removal of one NH, proton upon complex-
ation.

European Journal
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Figure 2. Correlation of aromatic proton resonances along with the
proton count of [(HL?NH)Pt(dmso)Cl] (a) and [(HL>NH)Pt(acac)]
(b).

The '"H NMR spectra of the [(HL"NH)Pt(acac)] com-
plexes exhibit the N—H resonance as a broad singlet in the
range 0 = 6.22-6.35ppm, thereby confirming the
(HL"NH,) — (HL"NH)  transformation. The 'H NMR
spectra of [(HL"NH)Pt(acac)] are similar to those of
[(HL"NH)Pt(dmso)Cl] in the aromatic region but with
slightly different chemical shift values. A one-to-one corre-
lation of the aromatic protons is shown in Figure 2 for
[(HL?>NH,)Pt(acac)] and [(HL>NH)Pt(dmso)CI]. The coor-
dinated acac ligand of [(HL"NH)Pt(acac)] shows three sets
of resonances, one for the methine proton (6 = 5.35 ppm)
and two for the CHj; groups (0 = 1.92 and 1.59 ppm),

Table 2. '"H NMR spectroscopic data for [(HL"NH)Pt(dmso)Cl], [[HL"NH)Pt(acac)], and [{(HL'NH)PdCl},].

J [ppm]™

Compound Aromatic H Nonaromatic H R (CH3) N-H

[(HL'NH)Pt(dmso)CI]  7.75 (d, 1 H), 7.40 (t, 2 H), 7.38-7.25 (m, 4 H) 3.50 (s, 6 H) - 7.17 (br., 1 H)
6.90 (d, 1 H), 6.59 (t, 1 H)

[(HL>NH)Pt(dmso)CI]  7.74 (d, 1 H), 7.35 (t, 1 H), 7.24-7.18 (m, 4 H) 3.50 (s, 6 H) 240 (s,3H) 7.17 (br, 1 H)
6.90 (d, 1 H), 6.58 (t, 1 H)

[(HL*NH)Pt(dmso)CI] ~ 7.71 (d, 1 H), 7.38-7.34 (m, 3 H), 7.28 (d, 2 H) 3.51 (s, 6 H) - -
6.90 (d, 1 H), 6.60 (t, 1 H)

[(HL'NH)Pt(acac)] 7.74 (d, 1 H), 7.38 (d, 2 H), 7.36-7.32 (m, 3 H) 536 (s, 1 H), 192 (s,3H) - 6.28 (br., 1 H)
7.27 (d, 1 H), 6.76 (d, 1 H), 6.43 (t, 1 H) 1.56 (s, 3 H)

[(HL?>NH)Pt(acac)] 7.74 (d, 1 H), 7.38 (t, 1 H), 7.28-7.24 (m, 2 H) 537 (s, 1 H),1.92(s,3H) 2.37(s,3H) 622 (br, 1 H)
7.13 (d, 2 H), 6.75 (d, 1 H), 6.42 (t, 1 H) 1.58 (s, 3 H)

[(HL3*NH)Pt(acac)] 7.72 (d, 1 H), 7.36-7.30 (m, 5 H), 6.75 (d, 1 H) 539(,1H),193(,3H) - 6.35 (br., 1 H)
6.44 (t, 1 H) 1.63 (s, 3 H)

[{(HL'NH)PdCl},] 8.08-8.00 (m, 1 H), 7.85 (t, 1 H), 7.57-7.36 (m, 2 H), - - 491 (br, 1 H)

7.19 (t, 1 H), 6.88 (d, 1 H), 6.74-6.51 (m, 3 H)

[a] In CDCl,.
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thereby indicating an unequal chemical environment about
the two Me groups, consistent with the X-ray structure (see
below).

_.cit)
\A Pi(1) C(14)
=X CEE /’\7 C(13)
V,//

(@

Figure 3. views of [(HL'NH)Pt(dmso)Cl] (a),

Perspective
[(HL3NH)Pt(acac)] (b), and [{(HL'NH)PdCI},] (c) with atom
numbering scheme. Hydrogen atoms, except those on NI in (a),
(b), and (c) and N4 in (c), have been omitted for clarity.
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X-ray Structures

The crystal structures of [(HL'NH)Pt(dmso)CI],
[{(HL'NH)PdCl},], and [(HL>NH)Pt(acac)] were deter-
mined as representative examples of each type of complex.
The (HL"NH) ligands bind to the metals in an N,N-biden-
tate fashion in all three complexes. A chloride and a dmso
ligand (coordinated to the Pt'! through its S atom) are pres-
ent in the coordination sphere of [(HL!NH)Pt(dmso)Cl],
and the acac™ ligand of [(HL>NH)Pt(acac)] binds Pt'! in an
0,0-bidentate fashion as expected. Two bridging chloride

Table 3. Selected bond lengths [A] and angles [°] for [(HL'NH)
Pt(dmso)Cl], [(HL*NH)Pt(acac)], and [{(HL'NH)PACl},].

[(HL'NH)Pt(dmso)Cl]

Pt(1)-CI(1) 2.320(2) N(1)-C(1) 1.317(6)
Pt(1)-S(1) 2.241(2) N(2)-N@3) 1.282(5)
Pt(1)-N(1) 1.957(4) N(2)-C(6) 1.353(6)
Pt(1)-N(3) 2.026(4) N(3)-C(7) 1.465(6)
S(1)-0 1.466(4) C(1)-C(6) 1.445(6)
S(1)-C(13) 1.779(5) S(1)-C(14) 1.775(5)
CI(1)-Pt(1)-S(1) 87.94(4) C(13)-S(1)-C(14)  101.5(2)
CI(1)-Pt(1)-N(1) 176.44(10)  O-S(1)-C(14) 108.2(2)
CI(1)-Pt(1) N(3) 93.66(11) Pt(1)-N(1)-C(1) 129.0(3)
S(1)-Pt(1)-N(1) 89.50(10) N(3)-NQ2)-C(6) 123.4(4)
S(1)-Pt(1)-N(3) 175.30(9) Pt(1)-N(3)-C(7) 120.2(3)
N(1)-Pt(1)-N(3) 89.08(14) N(2)-N@3)-C(7) 110.7(3)
Pt(1)-S(1)-O 115.05(15)  O-S(1)-C(13) 109.5(2)
Pt(1)-S(1)-C(13) 108.42(15)  Pt(1)-S(1)-C(14) 113.32(15)

[(HL’NH)Pt(acac)]
P(1)-O(1) 2.026(3) N(@2)-N(3) 1.303(4)
P(1)-0(2) 2.031(3) N(2)-C(6) 1.356(6)
Pt(1)-N(1) 1.940(4) N@3)-C(7) 1.439(6)
Pt(1)-N(3) 1.975(4) C(1)-C(6) 1.431(8)
O(1)-C(14) 1.273(6) C(14)-C(15) 1.385(7)
0(2)-C(16) 1.278(6) C(15)-C(16) 1.409(8)
N(1)-C(1) 1.327(6)
O(1)-P(1)-0(2) 93.41(12) N(2)-C(6)-C(1) 128.4(4)
Pt(1)-0(2)-C(16) 122.5(3) O(1)-P(1)-N(1) 84.49(14)
O(1)-Pt(1)-N(3) 175.1913)  Pt(1)-N(1)-C(1) 128.7(4)
0(2)-Pt(1)-N(3) 91.28(13) 0(2)-P(1)-N(1) 177.02(15)
N(1)-Pt(1)-N(3) 90.87(15) C(14)-C(15)-C(16)  127.3(5)
Pt(1)-O(1)-C(14) 123.6(3) Pt(1)-N@3)-C(7) 122.13)
O(1)-C(14)-C(15)  126.2(5) N(3)-N(2)-C(6) 123.0(4)
N(2)-C(6)-C(5) 113.3(5) N(2)-N(3)-C(7) 109.8(4)
Pt(1) N(3)-N(2) 128.1(3)

[{(HL'NH)PACL},]
Pd(1)-CI(1) 2.3596(11)  C(5)-C(6) 1.425(5)
Pd(1)-Cl(2) 23678(11)  C@)-C(5) 1.333(7)
Pd(1)-N(1) 1.938(3) CB3)-C4) 1.411(7)
Pd(1)-N(3) 2.004(3) C2)-C(3) 1.343(6)
N(1)-C(1) 1.315(5) C(1)-C(2) 1.425(6)
N(2)-N@3) 1.281(5) N(3)-C(7) 1.448(6)
N(2)-C(6) 1.339(5) C(1)-C(6) 1.430(6)
Cl(2)-Pd(1)-N(3) 98.61(10) N(1)-C(1)-C(2) 119.7(4)
CI(2)-Pd(1)-N(1) 172.14(10)  C(2)-C(1)-C(6) 118.03)
CI(1)-Pd(1)-N(3) 175.96(10)  N(1)-C(1)-C(6) 122.3(4)
CI(1)-Pd(1)-N(1) 87.45(10) N(2)-C(6)-C(5) 115.9(4)
N(2)-C(6)-C(1) 126.3(3) CI(1)-Pd(1)-Cl2)  84.71(4)
N(2)-N3)-C(7) 112.2(3) Pd(1)-N(3)-C(7) 119.73)
Pd(1)-N(1)-C(1) 129.1(3) Pd(1)-N(3)-N(2) 128.13)
N(1)-Pd(1)-N(3) 89.20(14) N(3)-N(2)-C(6) 124.5(3)
C(3)-C(@)-C(5) 119.5(4) C(1)-C(6)-C(5) 117.7(4)
C(1)-C(2)-C(3) 121.0(4)
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ligands coordinate the PdM apart from the bidentate
(HL!NH) ligand in [{Pd(HL!NH)Cl},]. The (HL!NH)" li-
gands in this molecule are mutually frans with no substan-
tial mismatch in the bond parameters. Perspective views of
the molecules are shown in Figures 3 (a—c), and selected
bond lengths and angles are collected in Table 3.

The geometries about the metal center are planar (mean
deviations within 0.0216-0.0532 A) for all three neutral
molecules, thereby confirming the bivalent state of Pt and
Pd and the formation of a mononegative anionic ligand
(HL"NH) by dissociation of an amine proton from the pre-
cursor HL"NH,, consistent with the IR and '"H NMR spec-
troscopic data (see above).['415:18.191 The equality in bond
lengths within the chelate ring framework of coordinated
acetylacetone of [(HL"NH)Pt(acac)] signifies the expected
delocalization upon deprotonation.? The C(1)-N(1) dis-
tances (approx. 1.324 A) of all three molecules are much
shorter than that of the C(7)-N(3) single bond (approx.
1.444 A) in the same molecules. The C(1)-N(1) distances
are, in fact, similar to that of an imine (approx.
1.34 A).14.15.18.191 The effect of delocalization within the
chelate framework of (HL"NH) is further reflected by the
adjacent phenyl ring [C(1)-C(6)], which has four long and
two short bonds. The C(6)-N(2) bond length (approx.
1.35 A) is shorter than the C(7)-N(3) single bond length as
a consequence. These structural features allowed us to infer
the formation of delocalized diazoketiminato che-
lates,[14.15.18.19]

The asymmetric unit of [(HL”"NH)Pt(acac)] contains two
mutually zrans molecules that are held together by a weak
Pt!--Pt!l interaction (3.898 A). The stacking arrangement
displayed by this weak dimer in the crystal lattice is shown
in Figure 4 (inter dimer Pt'--Pt distance is 4.320 A). The
Pd---Pd" distance in the [{(HL"NH)PdCl},] dimer is
3.494 A, which means that there is no Pd-Pd single bond
formation and no possibility of forming a Pd'-Pd" dimer.

Q

38084

|

L r.

43204

kY
=

38084 Y

- ——

(a) ()
Figure 4. (a) Partial packing diagram and (b) stacking arrangement

of [(HL*NH)Pt(acac)].

Electrochemistry

The cyclic voltammograms of complexes [(HL"NH)-
Pt(dmso)CI] display a quasi-reversible one-electron re-
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duction (calibrated against the current height of the Fc/Fc*
couple) in the range Ej;» = —1.120 to —1.246 V vs. SCE in
acetonitrile. The voltammogram of [(HL!'NH)Pt(dmso)Cl]
is shown in Figure 5 (a) as an example. The overall redox
reactions are represented in Equation (1). The E;, values
vary systematically with R’ of the (HL"NH) ligand, and a
plot of E, ), vs. 6 (the Hammett substituent constant) is lin-
ear (Figure 5, b).21]

[(HU'NH)PY{DMSO)CI]” — [HINH)P{(DMSO)CI] )
—€
2.0
0.0
=
= = -1.26
S E‘I
E .20 = Me
B I’ H =1.18
= -
u H:‘-I C]
= -L.10
-4.0 e e S s
0.2 00 =02
q
=6l (b
2.0 -1.0 0.0

Potential / V
{a)

Figure 5. (a) Cyclic voltammogram of [(HL'NH)Pt(dmso)CI] in
acetonitrile solution (0.1 M NBu4ClO,) vs. SCE. (b) A least-squares
plot of E}; values of [(HL"NH)Pt(dmso)Cl] complexes vs. o (Ham-
mett substituent constant).

To gain an insight into the nature of the redox orbitals
we performed EHMO calculations®>231 using the crystallo-
graphic atomic coordinates of [(HL'NH)Pt(dmso)Cl]. The
energy level and interaction diagram was determined by
FMO analysis, which showed that the LUMO is a non-
bonding ligand group orbital (Figure 6). The contribution
of an antibonding combination of azo (-N=N-) nitrogens
to the LUMO is 50%, therefore the reductive response of
[(HL"NH)Pt(dmso)Cl] may be assigned to reduction of the
azo function [Equation (2)].?4231 The cyclic voltammogram
of [(HL"NH)Pt(acac)] is similar (see Figure S16) to that of
the [(HL"NH)Pt(dmso)Cl] complexes but with a character-
istic shift of the E;,, values (-1.410 V to —1.510 V vs. SCE
in acetonitrile). An EHMO calculation was also performed
with the crystallographic atomic coordinates of [(HL*NH)-
Pt(acac)], and analysis of the LUMO showed a similar com-
position to that of [(HL"NH)Pt(dmso)Cl], with a contri-
bution from the azo-m* combination of also about 50%.
The energy-level diagram with metal-ligand interactions
and the orbital diagram of LUMO are given in Figure S1
(see Supporting Information).

—N—N— “€» —Nz=N— 2
Cytotoxicity

HeLa cells were treated with [(HL'NH)Pt(dmso)CI] in
the concentration range 4.0-20.0 um. A viability plot of the
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Figure 6. (a) Partial energy level and interaction diagram and (b) MO drawing of the LUMO of [(HL'NH)Pt(dmso)ClI].

trypan blue dye exclusion assay is shown in Figure 7. The
trypan blue assay showed that ED-s, which is the effective
dose of [(HL'NH)Pt(dmso)CI] required to kill 75% of cells,
is 12 um for this complex. Around 50% of the cells were
still viable after 5 h from the time of treatment of the cells
with 8 pm [(HL'NH)Pt(dmso)CI], which is therefore the
sub-lethal dose.[*§! The pattern of cell death was studied by
flow cytometric technique using appropriate dye stains. The
apoptotic cell death was studied by the Annexin-V binding
assay technique using a sub-lethal dose (8 pm) of [(HL!'NH)-
Pt(dmso)CI]. The cells were co-stained with propidium io-
dide (PI) in addition to Annexin V to distinguish between
apoptotic and necrotic cell death.*”l Although the later
stages of apoptosis cannot be distinguished from necrosis,
the flipped-out phosphatidylserine residue selectively binds
Annexin V-FITC on the cells’ surface during the early
stages of apoptosis. The results of the flow cytometric mea-
surements are shown in Figure 8. Viable cells are negative
to both dyes (PI and Annexin V-FITC), as shown in the
bottom-left quadrant of Figure 8. The Annexin V conju-
gated cells appearing in the bottom-right quadrant of Fig-

1004
804
60+

401

% of Viable Cell

204

Dose (uM)

Figure 7. Plot of dose vs. viable cells to determine the sub-lethal
dose.
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ure 8 represent the apoptotic cells, and the upper-right
quadrant represents the Annexin V and PI conjugated cells,
which indicates late-stage apoptosis or necrosis.

1_?1
1

UL 0.05 UL 0.06

UR 0.00 UR 0.04
o, LL 86.54 A LL 6L02
s LR 3.40 = LR 262
) —

10"

10" 10 1

Figure 8. Flow cytometric measurements with HeLa cells using An-
nexin V-FITC/PI to distinguish between apoptosis and necrosis: (a)
the plot for untreated cells; (b) the plot for cells treated with
[(HL'NH)Pt(dmso)CI]. UL = upper left, UR = upper right, LL =
lower left, LR = lower right.

These studies show the cytotoxic effects of this new class
of platinum(II) chelate complexes [(HL'NH)Pt(dmso)CI]
with mutually cis-coordinated dmso and chloride ligands.
Although activation of apoptosis is a remarkable observa-
tion, a comparison of the results obtained with cisplatin is
necessary and is currently underway.

Concluding Remarks

The reactions of K,PtCl, with HL"NH, and
HL"NHCH,Ph in refluxing dmso both afford the diazoket-
iminato complex [(HL"NH)Pt(dmso)Cl] due to N-C(benzyl)
bond cleavage in HL"NHCH,Ph. In contrast, Na,PdCl, af-
fords the orthopalladated complexes and chloro-bridged di-
azoketiminatodipalladium complexes upon reaction with
HL"NHCH,Ph and HL"NH,, respectively. The reaction of
[(HL"NH)Pt(dmso)CI] with acacH affords the new hetero-
leptic complex [(HL"NH)Pt(acac)], thereby indicating the
possibility of binding bioligands by substituting the chlo-
ride and/or dmso ligands of [(HL"NH)Pt(dmso)CIl]. The
crystal structure of [(HL"NH)Pt(acac)] exhibits a stacked
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arrangement with weak intermolecular interactions. Inter-
estingly, the delocalized diazoketiminato chelates [(HL"NH)-
Pt(dmso)Cl] and [(HL”"NH)Pt(acac)] exhibit reversible one-
electron reductions in their cyclic voltammograms. This
electron-transfer property has been attributed to a ligand-
centered reversible azo (-N=N-) reduction by EHMO cal-
culations. The results of an in vitro study of the cytotoxicity
of [(HL'NH)Pt(dmso)Cl] against the HeLa cell line are
interesting in terms of dose dependence and apoptotic
pattern of cell death. Further biological experiments are un-
derway to compare the relative activities with cisplatin.

Experimental Section

Materials: The solvents used in the reactions were of reagent grade
(E. Merck, Kolkata, India) and were purified and dried by reported
procedures.'¥ Platinum chloride, dimethyl sulfoxide, and acetyl-
acetone were purchased from the same company. Potassium tetra-
chloroplatinate and sodium tetrachloropalladate were prepared by
a reported procedure. Trypan blue, propidium iodide, and Annexin
V-FITC were obtained from Aldrich. HeLa cells were collected
from NCCS, Pune, India. The ligands 2-(phenylazo)aniline
(HL'NH,), 2-(p-tolylazo)aniline (HL>NH,), and 2-(p-chlorophen-
ylazo)aniline (HL*NH,) were prepared following the reported pro-
cedures.[1415:181

Physical Measurements: Microanalysis (C,H,N) was performed
using a Perkin—Elmer 240C elemental analyzer. Infrared spectra
were recorded with a Perkin—Elmer L120-00A FT-IR spectrometer
with the samples prepared as KBr pellets. Electronic spectra were
recorded with a Shimadzu UV- 2401 PC spectrophotometer. 'H
NMR spectra were obtained with Bruker 500 RPX and Bruker 300
DPX spectrometers in CDCl; using TMS as the internal standard.
Electrochemical measurements were performed using a PAR Versa-
stat II potentiostat with a platinum disk working electrode, a plati-
num wire auxiliary electrode, and an aqueous saturated calomel
electrode (SCE) as reference, (0.1 m) BuyNCIlO, as supporting elec-
trolyte, in acetonitrile. Electrochemical measurements were carried
out under a dinitrogen atmosphere at 298 K and were uncorrected
for junction potentials. Cytotoxicity was measured with a Fluores-
cence Microscope (Olympus BX40, Tokyo, Japan), FACS Calibur
(BD Biosciences) and the Cell Quest (Bekton Dickinson) software
package.

Synthesis of [(HL'NH)Pt(dmso)Cl]: A solution of 2-(phenylazo)-
aniline (HL'NH,; 100 mg, 0.5 mmol) in 5 mL of dmso was added
to a solution of K,PtCl, (207 mg, 0.5 mmol) in 5 mL of the same
solvent. The mixture was stirred for 5h at 60 °C and a dark pink
solid was obtained upon evaporation of dmso. Pure [(HL'NH)-
Pt(dmso)Cl] was obtained from the pink solid by chromatography
on a silica gel (60-120 mesh) column with toluene as the eluent.
Solid [(HL'NH)Pt(dmso)CI] was obtained by evaporating the elu-
ent. Yield: 115.25 mg (45%). C4H;sCIN;OPtS (504.9): caled. C
33.25, H 3.18, N 8.34; found C 33.27, H 3.16, N 8.31.

[(HL2NH)Pt(dmso)Cl] and [(HL3NH)Pt(dmso)Cl]: These com-
plexes were prepared following the same procedure as for
[(HL'NH)Pt(dmso)CI] but with HL>NH, (106 mg, 0.5 mmol) and
HL3NH, (116 mg, 0.5 mmol). Yield: 104.27 mg (40%, for the
HL2NH, complex C;sH;3CIN;OPtS) and 121.62 mg (45%, for the
HL3NH, complex C,4H;sCI,N;0PtS). C;sH;sCIN;OPtS (518.9):
caled. C 34.71, H 3.41, N 8.12; found C 34.68, H 3.46, N 8.09.
C14H5CLLN;OPtS (539.4): caled. C 31.10, H 2.80, N 7.82; found
C 31.14, H 2.78, N 7.78.
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[(HL'NH)Pt(acac)]: [(HL'NH)Pt(dmso)Cl] (50 mg, 0.1 mmol) was
dissolved in 40 mL of methanol and acetylacetone (10 mg,
0.38 mmol) was added. The mixture was then heated to reflux for
4 h to afford a blue solution. Evaporation of the solvent gave a
dark blue residue, which was purified by chromatography on a sil-
ica gel (60-120 mesh) column with toluene as eluent. Evaporation
of the solvent gave [(HL'NH)Pt(acac)] as a dark blue solid. Yield:
32.10 mg (65%). Cy7H17N30,Pt (490.36): calcd. C 41.55, H 3.48,
N 8.53; found C 41.60, H 3.46, N 8.56.

[(HL>NH)Pt(acac)] and [(HL3NH)Pt(acac)l: These compounds
were prepared following the same procedure as for [(HL'NH)Pt-
(acac)] but with [(HL?NH)Pt(dmso)Cl] (52 mg, 0.1 mmol) and
[(HL3NH)Pt(dmso)Cl] (54 mg, 0.1 mmol). Yield: 35.05 mg (70 %,
for the HL>NH complex C;sH;oN;O,Pt) and 36.24 mg (70%, for
the HL3NH complex C;;H;sCIN;O,Pt).

CgHgN30,Pt (504.36): caled. C 42.85, H 3.79, N 8.29; found C
42.82, H 3.76, N 8.32.

C,7H4CIN;O,Pt (524.86): caled. C 38.83, H 3.08, N 8.05; found
C 38.86, H 3.04, N 8.00.

[(HL'NH)PACI],: A solution of HL'NH, (100 mg, 0.5 mmol) in
SmL of dmso was added to a solution of Na,PdCl, (150 mg,
0.5 mmol) in 5mL of dmso. The mixture was stirred for 4 h at
60 °C and a dark pink solid was obtained upon evaporation of
dmso. Pure [{(HL'NH)PdCI},]was obtained from the pink solid by
chromatography on a silica gel (60-120 mesh) column with toluene
as the eluent. Solid [{(HL'NH)PdCl},] was obtained upon evapo-
ration of the eluent. Yield: 188.80 mg (55%). C,4H»oClNgPd,
(1352.5): caled. C 42.59, H 2.95, N 12.42; found C 42.54, H 3.01,
N 12.38.

Reaction of HL'NHCH,Ph with Na,PdCl;: A solution of
HL'NHCH,Ph (110 mg, 0.52 mmol) in 5 mL of dmso was added
to a solution of Na,PdCl, (150 mg, 0.52 mmol) in 5 mL of dmso.
The mixture was stirred for 4 h at 60 °C and a dark brown solid
was obtained upon evaporation of dmso. Pure [(HL'NHCH,Ph)-
PdCI] was obtained from the brown solid by chromatography on a
silica gel (60-120 mesh) column with a toluene/acetonitrile mixture
(90:10 v/v) as eluent. Solid [(L'NHCH,Ph)PdCI] was obtained
upon evaporation of the eluent. Yield: 119.99 (55%).

Reaction of HL!NHCH,Ph with K,PtCl;: A solution of
HL'NHCH,Ph (110 mg, 0.52 mmol) in 5 mL of dmso was added
to a solution of K,PtCly (215 mg, 0.52 mmol) in 5 mL of dmso.
The mixture was stirred for 5 h at 60 °C and a dark pink solid was
obtained upon evaporation of dmso. Pure [(HL'NH)Pt(dmso)CI]
was isolated by chromatography on a silica gel (60-120 mesh) col-
umn with toluene as the eluent. Solid [(HL'NH)Pt(dmso)Cl] was
obtained upon evaporation of the eluent. Yield: 130.76 mg (50%).

Viability Assay. Trypan Blue Exclusion Test: HeLa cells were treated
with 4, 8, 12, and 16 uMm solutions of complex in dmso.?8 The cells
(10 puL suspension) were then placed on cover slips at the required
dilution and each cover slip was placed cell-side down onto a slide
containing a drop of 0.125% Trypan Blue dye (wt/vol in sterile
isotonic saline). The excess dye solution was removed by applying
gentle pressure with gauze at the edges of the cover slip. The slides
were viewed within ten minutes with a light microscope at a magni-
fication of 40X and 50-100 cells counted. Viable cells remained
unstained, while the nuclei of nonviable cells were stained blue.

Differentiation Between Apoptosis and Necrosis by FACS: To distin-
guish between apoptosis and necrosis treated or untreated cells
(1 X 10° in each case) were harvested, in a double labeling system,
and PI and Annexin V Fluos (Boehringer Mannheim) added di-
rectly to the culture medium or to the cell suspension. The mixture
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Table 4. Crystallographic data for [(HL'NH)Pt(dmso)Cl], [(HL*NH)Pt(acac)], and [{(HL'NH)PdCl},].

[(HL'H)Pt(dmso)Cl] [(HL3NH)Pt(acac)] [{(HL'NH)PdCl},]
Formula C14H16C1N3OPtS C17H16C1N302Pt C24H20C12N6Pd2
M 504.90 524.86 1352.4
Space group Fdd2 Pl P1
Crystal system orthorhombic triclinic triclinic
a[A] 21.573(18) 8.185(3) 10.3262(10)
b [A] 30.81(2) 13.720(5) 10.3626(10)
c[A] 9.838(7) 16.257(6) 12.2239(12)
a[°] 90 107.007(9) 101.710(2)
A1 90 90.176(9) 112.079(2)
y [‘2 90 91.980(10) 92.665(2)
A [A] 0.71073 0.71073 0.71073
VA3 6539(8) 1744.6(11) 1176.0(2)
VA 16 4 2
Deaieq. [gem 3] 2.051 1.998 1.910
1 [mm!] 8.875 8.210 1.783
R 0.0184 0.0322 0.0309
WR,! 0.0340 0.0701 0.0648
Unique reflections [/ > 2o(/)] 21173/3886 28481/9547 7504/5218
GOF 0.81 1.000 0.96

[a] R, = I||F,| — |FJ/ZIF,). [b] wRy = X[w(F,2 — F22YE[w(F,2)?]"? where w = 1/6%(F,2) + (aP)> + bP, P = (F.,> + 2F.2)/3. [c] GOF =

2[W(Fo2 - Fcz)z]/(n - p)]1/2~

was then incubated for 15 min at 37 °C. Excess PI and Annexin V
Fluos were washed off, and the cells were fixed and then analyzed
with a FACS Calibur apparatus [quipped with a 488-nm argon laser
light source, a 515-nm band pass filter (FL1-H), and a 623-nm
band pass filter (FL2-H)] using the CellQuest program (Becton
Dickinson). Electronic compensation of the instrument was done
to exclude overlapping of the emission spectra. A total of 10,000
events were acquired, the cells were properly gated, and a dual pa-
rameter dot plot of FL1-H (x-axis; Fluos fluorescence) vs. FL2-H
(y-axis; PI fluorescence) was produced in logarithmic fluorescence
intensity.[>*)

X-ray Crystallography: Crystals of [(HL'NH)Pt(dmso)Cl],
[(HL3NH)Pt(acac)], and [{(HL'NH)PdCl},] were grown by dif-
fusion of hexane into a dichloromethane solution at 298 K. Data
were collected with a Bruker SMART CCD diffractometer using
Mo-K,-monochromated radiation (1 = 0.71043 A). Structure solu-
tions were performed using the Shelx 97 program (PC version).
Full-matrix least-squares and anisotropic refinements were per-
formed on all the atoms. Hydrogen atoms were included at their
calculated positions. The data collection parameters and relevant
crystal data are collected in Table 4.

CCDC(C-283817 for [(HL'NH)Pt(dmso)Cl], -283818 for [(HL>NH)-
Pt(acac)], and -283819 for [{(HL'NH)PdCI},] contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Figure S1 shows the EHMO diagrams for [(HL3NH)-
Pt(acac)]. Figures S2-S8 show the IR spectra and Figures S9-S15
the '"H NMR spectra of all the complexes; Figure S16 shows the
cyclic voltammogram of [(HL'NH)Pt(acac)].
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