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Abstract

This article reviews the chemical and antitumoral properties of thiosemicarbazone complex-based drugs containing platinum(ll) or palla-
dium(ll). Tetranuclear orthometallated complexes are the preferentially formed by most of the selected TSCNs. The core of these complexe
consists of a flexible eight-member ring of alternating M—S atoms, causing in some cases, formation of two different geometric isomers.
The different isomers display different cytotoxic activity, which was significant especially with platinum derivatives. Moreover, they display
cytotoxic activity in tumor cell lines resistant tis-DDP; the analysis of the interaction with DNA indicates interhelical cross-link formation.
Binuclear complexes of thiosemicarbazones are chloro-bridged complexes where no orthometallation occurs, but their cytotoxic testing show
activity against resistant cell lines. Mononuclear complexes, which show an analogous structure to cisplatin, have shown promising “in vitro”
antitumor properties. In addition, the interaction with DNA indicates that they have an enhanced capacity to form DNA interstrand cross-links,
by comparison witleis-DDP. The final purpose is to evaluate the coordination chemistry of selected thiosemicarbazone complexes of palladium
and platinum in order to provide guidance and determine structure and antitumor activity relationships for continuing studies of these systems
© 2003 Elsevier B.V. All rights reserved.

Keywords:SAR; Thiosemicarbazone; Metallated

1. Introduction thesis of orthometallated complexes with palladium and plat-
inum metal ions, and that this combination might enhance
Thiosemicarbazones (TSCNs) are very promising the pharmacological activity of the ligand.
molecules in coordination chemistry because of their phar- There are many studies involving thiosemicarbazones
macological propertieg1l] which include notably their  with different metal atom§7—9], but there were only a few
antiparasital[2], antibacterial[3] and antitumor activities  papers describing such palladium compleX82] before
[4,5]. Some thiosemicarbazones increase their antitumor ac-1998. At this time, we reportef83] several studies of the
tivity by their ability to form chelates with specific metallic  palladium and platinum chemistry of various thiosemicar-
ions [6]. These ligands are formed by the condensation of bazones that we discuss hefxkeme L A compendium
a thiosemicarbazide and an aldehyde, and both of them carof the complexes and the references in which these ligand
create another coordination s[fg. The thiosemicarbazone derivatives can be found is given 8theme 5Cellular test-
ligand usually coordinates with a metal through the imine ing and DNA binding assays were also performed for these
nitrogen and the sulfur atof8,9]. The ligands feature more  complexes[33,34] We were the first authors observing
than two covalent sites, the number of which depends ontetranuclear orthometallated complexes with thiosemicar-
the aldehydg10], and on the tautomeric equilibrium of the bazone CNS donof83], and also studying the process of
thiosemicarbazong 1,12], although the most common way the coordinatiorf35] and orthometallatiof33,36] of palla-
to coordinate is through the thiolic forfir—13]. Evidence dium and platinum with thiosemicarbazones. Some triden-
of this feature can be found in the tremendous volume of tate orthometallated complexes were reported edidie},
transition metal chemistry that has been published for thesebut the tridentate ligand had different donor heteroatoms
ligands, in some cases involving tridentate coordination (CNN), and only mononuclear complexes were isolated.
[9,14,15] In the last 4 years, much transition metal chemistry has
Since cisplatin emerged as the most important antitumor been conducted with both metd38,39] as additional in-
drug [16,17] thousands of complexes of general formulae formation has become available about thiosemicarbazone
ML 2X, have been synthesized and character[2&19]in chemistry[40,41] and “in vivo” and preclinical studies for
order to study the effects of the metal, the inert group L, and some thiosemicarbazone derivatives can now be found in
the leaving group X on the structural and kinetic properties the literature[42,43] Semicarbazone chemistry has also
involved in the biological activit§20,21] However, signifi- been accomplished where the ligand heteroatoms are CNO
cant problems are still extant, including side effects, toxicity, [44]. The potential applications of these palladium and
cancer specificity and specially acquired resistance. Conse-platinum derivatives as antitumor drugs, discussed in this
quently, antitumor drug research has been moving toward article, should help in the progress of this field of research.
the development of new compounds outside the usual coor-
dination sphere, e.g. organometallic complexes, complexes

with metallic elements different from platinuf22,23], or 2. Tetranuclear complexes
much more recently, platinum complexes withns geom-
etry [24—-26] Tetranuclear palladium and platinum complexes are con-

Our interest in the cyclometallation procd23—29] and veniently prepared by combining the desired thiosemicar-
the fact that some of those cyclometallated complexes havebazone (TSCN) with appropriate palladium and platinum
potential antitumor activity30,31], led us to postulate that  salts. The choice of solvent depends on which salt is being
thiosemicarbazone compounds might be suitable for the syn-used (acetic acid works well for palladium salts and MeOH
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Scheme 1. The thiosemicarbazones included in this review and their respectively numbered atoms for the NMR data. The thiosemicarbazones primarily
differ in two ways: in the type of substituent of the Migroup and in the constituent in between the nitrogen atom and the phenyl group.
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Scheme 2. General synthesis for tetranuclear complexes with Pd Pt salts and the ligantigdrbm

for platinum salts). b.TSCN-N#lligand 6 is problematic p-is.TSCN-NH ligand are discussed in this review and
in these reactions; the incorporation of a £gtoup in the demonstrate its wide spectrum of coordination possibilities.
TSCN moiety tends to make the isolation of the tetranuclear The tetranuclear compounds derived frprs. TSCN-NH,
complex more difficult. are the first orthometallated compounds isolated with
The complexes presented here were the first thiosemicar-thiosemicarbazone ligands; this C—H bond activation ampli-
bazone complexes to possess a tetranuclear structure (wherkes the coordination possibilities for TSCNs even n{8.
TSCN acts as tridentate ligand) reported in the literature (see
Scheme 2 Thiosemicarbazones generally coordinate to a 2.1.1. Pd and Pt complexes with p-isopropylbenzaldehyde
metal through the imine nitrogen and the sulfur atom, but thiosemicarbazone p-is. TSCN-NH
these ligands feature more than two covalent sites; therefore, The reaction between Pd(Ac9and the potentially tri-
there will be many possibilities for coordination including dentate CNS donor ligand in acetic acid resulted in the for-
the tridentate form. An understanding of how thiosemicar- mation of two orthometallated complexds,and1b, which
bazones are capable of bridging two metal atddf is were separated and purified by chromatography. The com-
useful to grasp how these ligands afford tetranuclear struc-pounds differ in their physical properties, for instance solu-
tures. In addition, the orientation of the phenyl group and bility and color.
the donor atoms in these ligands appears to be appropriate However, the reaction betweenRtCly; and p-is. TSCN-

for orthometallated reaction requiremes].

2.1. p-Isopropylbenzaldehyde thiosemicarbazone
derivatives

p-Isopropylbenzaldehyde thiosemicarbazgries. TSCN-
NHaz, 1 is an antiviral and antifungal compourd7], and

NH2, 1, using MeOH as solvent afforded only one plat-
inum derivative: complexdc. Another isomer was expected
(as in the palladium reaction) but was never detected.
Variations in the reaction conditions, as for example the
platinum reagent, solvent, longer reaction time, did not
produce different isomer compounds. The existence of

within the large group of TSCNs this particular TSCN has

not received much attention. The results obtained with the

L [Pt(-Cl)(13-C3Hs)]2, and PtC4(PhCN).
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Figs. 1 and 2. The molecular structures of complekasand 1b. Reproduced with permission from J. Med. Chem. 41 (1998) 1399-1408. Copyright
1998, Am. Chem. Soc.

tetranuclear structures for all complexes were checked by The endo structure in both complexgd] and the carbon
FAB mass spectrometry. The complex#&s; 1b and1c (see where the cyclometallation has taken pldé@] are also
Scheme P were characterized by elemental analysis, and typical features which can be easily detected by the NMR
IR and NMR spectroscopy. The structure of complekas  technique.

and 1c has been determined by X-ray diffractiokig. 1 Conversion is observed between the two isomers; com-
shows the tetranuclear entity of compléx andFig. 2 the plex 1a in DMSO solution, after 24 h, afforded a mixture
same for complexic). NMR spectroscopy data are con- of la andlb species in a 1:1 ratio. When compoufil is
sistent with the solid-state structure determined by X-ray dissolved in CDG, compoundla is formed after 24 h (see
crystallography. Fig. 3.

In both cases, the structure consists of tetranuclear units. Treatment of the tetranuclear compourids 1b and 1c
The core ofla and 1c consists of an eight-membered ring with nucleophiles like DNA bases (5-GMP, adenine and
of alternating M (Pd(ll) inla, Pt(ll) in 1c) and S atomsina  SGH), and pyridine and picoline derivatives does not lead
boat conformation. The remaining two sites of each squareto ring opening of the eight-member M-S ring core of the
planar M (Pd(ll) in1a, Pt(ll) in 1c) coordination sphere tetranuclear structure nor to ring cleavage of the chelate
are occupied by the iminic nitrogen and tbetho carbon metal-TSCN ring63]. This behavior may be attributed to
of the p-isopropylphenyl ring to which the imine group the strong M-S bon{b4] and the tetranuclear nature. How-
is attached. The two five-member chelate rings involving ever some authors have observed a M-S bond cleavage in the
the metallic atom are almost coplanar, and the geometryreaction of orthometallated TSCN tetranuclear complexes
around the metallic atom is approximately square planar. with a strong chelating phosphaf@)]. The same authors
The M-M distances in both complexes indicate no direct have even observed M—N bond cleavage for terdentate lig-
bond between the metallic atoms, but a very weak interac- ands CNN (only in dinuclear and mononuclear complexes)
tion can be postulated in agreement with the reported valuesbut never M—C bond cleavag65].
for polynuclear complexes with P@8,49] or Pt[50,51]

A similar ring disposition has been described in palladium
complexes with amidd52] and in palladium and plat-
inum complexes with 2-(1-naphthyl)benzothiazol[68] as
ligands.

Based upon all the spectroscopic data, these compounds
are tetranuclear, tridentate and orthometallated. The coor-
dination to the metallic atom through the iminic nitrogen
[8,54,55] and the coordination via the sulfur atom in the
thiol form [56,57] in all complexes is clearly observed in
the IR spectra (see form IScheme L The NMR spec-
tra for all the complexes are very good examples of meta-
lated complexes imrtho positions[58,59] This technique
also helps to distinguish the two palladium isomés &nd W
1b): there is a strong shielding effect on the protons of the 78 76 74 72 70 68 66 64

phenyl group Caulsed by through-space inFeraCtionS of over-rig. 3. Aromatic region of théH NMR spectrum of complex along
lying aromatics rings in only one of the isomgf3,60] time (@)r = 0h; (b) 7 = 24 h. Copyright 1998, Am. Chem. Soc.

H7
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2.1.2. Pd and Pt complexes with p-isopropylbenzaldehyde spectroscopic data for these complexes are consistent with

n-protected thiosemicarbazones p-is. TSCN-NR tetranuclear orthometallated units. The mass spectrum ir-
In order to identify new metal-thiosemicarbazone com- refutably indicate the tetranuclear unit. IR spectra indicate

pounds endowed with specific cytotoxic properties we that each ligand coordinates to the metal (Pd or Pt) via

synthesized Pd(Il) and Pt(Il) compounds derived from azomethinic nitrogen atom and its thiolic sulfur atom. The

p-isopropylbenzaldehyde N-protected thiosemicarbazone NMR data of the complexes also clearly show the cyclomet-

2, 3, 4 and 5 (seeScheme P The presence of at least allated moiety of the complexd33].

one NH group in these platinum compounds, which could

potentially interact with cellular components, appears to 2.2. Phenylacetaldehyde thiosemicarbazone derivatives

be relevant to the structure—activity relationshigg]. The ) ) ) )
incorporation of additional groups in the terminal amine ~ BY comparison with the other TSCN species studied,

group of the thiosemicarbazone moiety has been used noPhenylacetaldehyde thiosemicarbazone [b.TSCN:INI,
only to increase the solubility but also to study the role of d0€s nothavearasubstituents in the phenyl group and also
the NH group in the structure—activity relationships of Pt has a methylene —(Gfji group between the phenyl and the
TSCN moiety.

complexes. o ) )

Most of the thiosemicarbazone ligands can be used . In general, thg reactivity of ligan@ldiffers from the other
to isolate tetranuclear complexes. The reaction between!i9andsl-5. Forinstance, [b.TSCN-N#] does not afford or-
Pd(AcO) and the ligand&-5, in acetic acid, under the same thometallated complexes under the same reaction conditions
conditions used with ligand, resulted in the precipitation ~ &/réady described for ligands frofrio 5. The incorporation
of the complexes [Pdl] 2a, 3a, 4a and 5a, respectively. of a CH, group tends to make the isolation of the tetranuclear

Chromatographic purification provided the separation of complex more difficult and it makes this ligand problematic
cyclometallated cluster complexe2a{5a) but a cyclomet- in orthometallation reactions. The tetranuclear complex was

allated complex mixture is also detected for each ligand, but finally isolated from a monomer complex (as discussed in
could not be separated. Although two isomeric orthomet- the following section) but no orthometallation is observed in

allated palladium complexes were separated using Iigandthis complex. These observations clearly demonstrate how
changing the distance from the phenyl group to the TSCN

1, the other expected palladium isomens’,“ which are : - ~ M -
probably present in the mixture, represent a minimum yield moiety changes the final coordination of the metal atom. Dis-
sion of the reactivity of [0.TSCN-N#lis presented in

from the reaction. Subsequently, the desired formation of cus h |
the isomer b” seems to be unfavorable, perhaps due to the S€Ctions 2.2 and 3.Bynthesis pathways for [b. TSCN-NH

bulky substituents in the amine moiety for the ligar®s. are shown irfScheme 3 _
Orthoplatination was achieved only for ligan@sand 3, _ The tetranuclear complex derived from b. TSCN-Niwas
by reacting with [Ptg-Cl)(n3-C4H7)]2, which leads to the finally isolated from the monomesdi which is described in

formation of chloroplatinated compounds [P4L2c and3c, Section 4.1A chloroform solution of comple®i with stir- .
in very good yield, due to it§3-n® isomerizatior{30]. How- ring for three days at room temperature, afforded a precip-

ever, reaction of ligand or 5 with [Pt(-Cl)(n3-CaH17)]2 itate of the comple>6j _in low _yield [63]_. The tetranuclear
afforded the dinuclear and not cyclometallated complexes, Structure of complexj is confirmed by its FAB mass spec-
complexes [PH-is. TSCN-R){1-Cl)]2 in which the thiosemi- trum. This conversion from monomer to polynuclear com-
carbazone acts as a NS-bidentate chelate ligaFtus type plex has been observed to occur with some thiosemicar-
of dinuclear chloro-bridged complex has been reported as theP@20ne414], and related ligandgs7] and can be attributed
first step of the cyclometallation procefg5]. Although it to the strong LeW|s-_ba5|c nature of the sulfur lone pair elec-
is known that the dinuclear chloro-bridged complexes tends fons and the spatial arrangement of such pgédd. No
to yield the tetranuclear urji85,36}, this transformation has platlnum tetranuclear complex has been isolated or found in
not been observed for compleg® and only a low yield of ~ Studies of b. TSCN-Nk
complex5c was obtained. This fact reveals the difficulty of
the cycloplatination process for this kind of ligand, proba- 3. Dinuclear complexes
bly due to the steric impediments of a bulky heterocyclic
group. A general scheme for the synthesis of palladium and Chlorine bridging atoms hold the two metal atoms to-
platinum complexes witlp-is. TSCN-R ligands is shown in  gether in the palladium and platinum dinuclear complexes.
Scheme 2 No orthometallation is observed in any of the dinuclear com-

The tetranuclear complexes obtain@a:-5a and 2c—3c plexes.
and 5¢c were characterized by the usual techniques. The

3.1. p-Isopropylbenzaldehyde thiosemicarbazone

— . _ __derivatives
Which has an electrophilic character and moreover can increase its

co-ordinative unsaturation level. . . . . .
3 In the several attempts of reaction of ligasevith different platinum Ligand1 acts as bidentate ligand (S, N donor) in the din-

salts, there was no evidence for the presence of comfilex uclear derivatives derived fromp-is. TSCN-NH. However,
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Scheme 3. Detailed synthesis pathway for Pd and Pt complexes with the ligand$ foofn Reproduced with permission from J. Inorg. Biochem. 1999,
75, 293-301. Copyright 1999 Elsevier.

ligand1lis potentially a tridentate ligand. The basic reactions of the AABB’ set of signals for the phenyl group are con-
to afford cyclometallated complexes (of the carbon donor sistent with the absence of an orthometallated system.
type) have been described in detfiB], the cyclometal-
lation process involves first coordination of the metal to a 3.1.2. Pd and Pt complexes with p-isopropylbenzaldehyde
donor atom present in the system (N coordination in par- N-protected thiosemicarbazones p-is. TSCN-R
ticular) [69]. This may explain why cyclometallation takes ~ Any of the TSCNs studied can generate tetranuclear or-
place when{Pt(p-is. TSCN-NH)(nCl)}» is stirred for 15  thometallated complexes and the dinuclear chloro-bridged
days in MeOH solution, and why the tetranuclear complex complexes are also formed as a intermediate step in affording
1cis isolated. The dinuclear bridge complexes represent thethe final product. Only two of these complexes were com-
previous step (of intramolecular activation) to the cyclomet- Pletely purified and characterized namelyt(p-is. TSCN-
allation of the thiosemicarbazone (sBeheme P NMe2)(uCl)}2, 3e and {Pt(p-is. TSCN-NHex)LCl)}2, Se,

and in both the TSCN acts as a bidentate ligi8#63].

3.1.1. Pd and Pt complexes with p-isopropylbenzaldehyde

thiosemicarbazone p-is. TSCN-NH 3.2. Phenylacetaldehyde thiosemicarbazone derivatives
The dinuclear complexe$M(p-is. TSCN-NH)(nCl)}2,
1d for M = Pd(Il) andle for M = Pt(ll), were prepared by Dinuclear and monomeric derivatives were isolated in

reaction of KkPdCly and KoPtCly respectively with the lig- reactions intended to produce tetranuclear orthometal-
andp-is.TSCN-NH 1. Both complexes were characterized lated complexes with b.TSCN-Ni When the reagent is
by the usual techniques. The analytical data agree with thePd(AcO), the resulting compound is a dinuclear acetate
stoichiometry [MG 1H14N3SCl] and the IR spectra show co-  bridged complex. However, reaction with eithepRrdCl
ordination of the thiol (form 11,.Scheme Yand imine group or KoPtCly produces monomer complexes. The dinuclear
[32,55] but thev(M—CI) vibration are the most representa- chloride bridge derivative could only be isolated by metathe-
tive, being typical of chloro-bridged complexg®,71] The sis reaction of the dinuclear acetate bridged complex with
IH NMR spectra of both complexes confirm the coordina- NaCl. No orthometallation derivatives were observed for
tion of the ligand in the thiol arrangement and the resonancethese attempts in any case.
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3.2.1. Pd complexes with phenylacetaldehyde leaving group X (which generates the active specie, f)n
thiosemicarbazone [b. TSCN-NH The b.TSCN-NH monomer complexes offer potential leav-
b.TSCN-NH ligand with Pd(AcO) and acetic acid as ing groups that could afford active species.
solvent leads to precipitation of a yellow acetate-bridged The importance of the cisplatin model is that the DNA
solid {Pd(b.TSCN-NH)(nAcO)}2, 6h insoluble in most of ~ species provide several nucleophilic centers to the active
organic solvents, except DMS®B3]. IR data show the pres- MLn?* to which it may bond forming different DNA
ence of two new bands typical ofC=0) stretching frequen-  adducts, resulting in specific geometric dispositions.
cies from the bridged acetate groups. Tilemsarrangement Monomer complex derivatives from b. TSCN-MNhvere
of the ligands in the complex is inferred from the fact that synthesized in two different ways: bridge cleavage reactions
the acetate bridge methyl groups appear as only one singletwith the corresponding acetate-bridged complex as starting
at 1.8 ppm (theisarrangement of the ligands in the complex material and the direct synthesis between b.TSCN-Bkt
shows the methyl groups appearing as two singlets). Thethe desired metal salt. The ligand b.TSCN-NBl bidentate
lack of the NH signal in théH NMR spectra demonstrate  in both structures of general formulae M(b. TSCN-NEl,,
that the TSCN is deprotonated in this complex and acts in where TSCN can act as protonated or deprotonated ligand
its thiolic form (form Il, Scheme L Coordination through  (seeScheme 3
the nitrogen is confirmed not only by the strong downfield
change in the chemical shift of the Glgroup, which links 4.1.1. Pd complexes with phenylacetaldehyde
the phenyl group, but also from the change observed in thethiosemicarbazone b. TSCN-MNH
multiplicity of these protons. The CHorotons become non The reaction of the dinuclear acetate compéxwith
equivalent protons, contrary to the same protons in the freebases such as 3, 5-lutidine afforded a monomer complex
ligand. The acetate groups can force the two square planesPd(b.TSCN-NH)Br(Lut)} 6i. We have been studying
of each palladium to have a relatively small dihedral angle, the reactivity of acetate dinuclear complexes to afford
resulting in the molecule adopting a non-planar open-book monomerdq27,58], and in every case the addition of bases
structure[72]. This kind of structure has been of special in- leads to cleavage of the acetate-bridge of the complex.
terest in the cyclometallation procega7], and the “open We were especially interested in this monomer complex
book” dispositior[73] of this structure may be the reason for formation because the unfolded structure of the monomer
the steric impediments around ghh the structure which  will make the methylene protons equivalent again as in the
produces the different multiplicity. starting material ligan@. This fact provides further support
Dinuclear complexes, which are linked by two bridg- for the folded acetate dinuclear complex structure6in
ing acetate groups, can easily afford the correspondingOn the other hand, the thiolic form (form I§cheme B
unfolded chloro-bridged complexes by metathesis with of the TSCN which is deprotonated in this monomer, only
NaCl [27]. The acetate—chlorine exchange reaction of the allows one possible leaving group in the complex structure,
{Pd(b. TSCN-NH)(rAcO)}> complex with NaCl leads to  {Pd(b.TSCN-NH)Br(Lut)}. So the complexi will afford
the corresponding chloro-bridged complex in which the an- species such as [M(TSCN)Basehaving one less active
alytical data are in agreement with the molecular formula: position against the DNA compared with the cisplatin model
{Pd(b.TSCN-NH)(1Cl)}2, 6d. The IR spectrum of the and its active species MEn.
complex is consistent with the chloro-bridged structure. The  Monomer complexes where b.TSCN-MHacts in its
methylene group —Cj+ in theH NMR spectra appear as thionic form (form 1, Scheme B can also be prepared by
equivalent proton§s3], which suggests that the structure of simple treatment of b.TSCN-NHwith a metal salt using
the complex should be unfolded where the methyl protons MeOH as a solvent. Equivalent amounts of b.TSCN2NH
do not find steric impediments. and KPdCl, led to the formation of general formulae
Attempts to obtain crystals of the acetate-bridged complex Pd(b.HTSCN-NH)Cl,, 6f. The not deprotonated form
from DMSO solution causes bridge splitting, and affords (form I, Scheme B of the TSCN allows comparison with
mixtures difficult to deal with. This fact, together with the the cisplatin model, as will be discussed bellgi].
low insolubility of these complexes, becomes an obstacle to
the suitability for reproducible cytotoxicity studies. 4.1.2. Pt complexes with phenylacetaldehyde
thiosemicarbazone b.TSCN-NH
Equivalent amounts of b.TSCN-NHand K;PtCl, led
4. Mononuclear complexes to the formation of a complex with the general formulae
Pt(b.TSCN-NH)CI,, 6g. This complex is the platinum ana-
4.1. Phenylacetaldehyde thiosemicarbazone derivatives  logue of complex6f discussed in the paragraph above. In
principle, compounds$f, 6g and cisplatin represent a good
As a part of our program directed to the synthesis of model for comparison (see structuf@sheme %to establish
TSCN compounds b.TSCN-NHSs valuable to use as a cis- a good correlation of structure and activity. Tw¢Pt-Cl)
platin structural model MEX,. The antitumor activity of stretching vibrations are observed as with the dinuclear com-
this model depends on the nature of the inert group L, and theplexes, but a mononuclear structure is proposed because the
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Scheme 4. Scheme of [b.TSCN-MHeactivity with Pd and Pt salts.

stretching frequencies are quite differ§fd] and the ligand sistance to cisplatifi78]. Attempting to decrease inac-
is clearly not deprotonated as shown by the NMR spectra. tivation by intracellular thiol concentration, we thought

5.

that introducing S-donor ligands in the complex struc-
ture might reduce such inactivation and afford complexes

Cytotoxic activity of the complexes in cisplatin with a much lower nephrotoxicity effe¢79].

sensitive and resistant tumor cell lines

1.

5.1. Tetranuclear complexes

Our interest in searching for systems with antitumor ac-
tivity and also in finding structure—activity relationships, led
us to evaluate each of the complexes discussed in this re-
view and analyze the differences in antitumor activity. The
present study is based upon the following facts.

ICs50 values (compound concentration that produces 50%
of cell death) were calculated for the tetranuclear complexes
derived from the ligand4-5 against several tumor lines
both sensitive tais-DDP (Jurkat, Hela, 3T3, Pam 212), and
resistant tecis-DDP (Pam-ras) Table 9.% The lower solu-
Thiosemicarbazones exhibit biological activity against bility of the tetranuclear compleda rendered the biological
parasiteg1], several types of tumoig,75] and hypoxic ~ assays for this complex not viable.
selectivity [76], such properties being more developed  The results reveal that our predictions regarding the poten-
when a metal is presenp-is. TSCN-NH represents an  tial antitumor activity were remarkably accurate, especially
attractive starting point due to its previously established for derivatives derived fronp-is. TSCN-NH: which appear
biological activity. to be the most promising of the complexes discussed here

. Orthometallated complexes display high antitumor activ- as a potential dru¢33,36,80]

ity. Different optical isomers of these compounds show o o
different levels of antitumor activity30,31] 5.1.1. Cytotoxicity values of the TSCN-N#kerivatives

. Different substituents on the ligand modify the reactivity N general, compleia is more active than its isoméb.

of the resulting complexes. For instance, it is believed Moreover, the platinum analogue shows an intermediate

that the presence of at least one NH group in the plat-
inum compounds may be a key to the interaction of the

R . . o
. Jurkat are acute T-cell leukemia cell lines, Hela are cervix epithelial
compounds with the cellular componefits]. P

carcinoma cell lines, NIH 3T3 are transformed murine fibroblasts, Pam

. A number of studies have shown that thiols, especially (murine keratinocytes) and Pam-Ras (murine keratinocites transformed

glutathione (GSH), represent a significant cause of re- with the H-ras oncogene and resistant to cisplatin).
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Table 1
ICs5p values obtained against several tumor and normal cell lines for the tetranuclear complexes derivpdsfi®CN-NR: 1-5

ICso (uM) £ S.D.

Cell lines
HL-60 JURKAT Hela 3T3 Pam-ras Pam 212
p-is. TSCN-NH, 1 87 + 0.6 9+ 0.2 78+ 3 97+ 5 65+ 2 88+ 6
[Pd(p-is. TSCN-NH)]4, 1a 28+ 1 7+0.3 4+ 0.1 3+0.2 5+ 04 8+ 0.3
[Pd(p-is. TSCN-NH)]4, 1b 94+ 0.2 6+ 0.3 45+ 3 32+ 0.6 37+ 3 150+ 9
[Pt(p-is. TSCN-NH)]4, 1c 204+ 0.2 7+ 05 20+ 0.3 21+ 0.3 9+ 0.6 30+ 3
p-is. TSCN-NHMe, 2 19+ 0.9 10+ 0.8 84+ 4 87+ 3 64+ 3 106+ 4
[Pd(p-is.TSCN-NHMe)}, 2a 2242 13+ 1 86+ 3 91+ 5 62+ 2 109+ 6
[Pt(p-is. TSCN-NHMe)};, 2c 17+ 1 10+ 0.8 82+ 4 87+ 3 58+ 2 101+ 7
p-is.TSCN-NMe, 3 27+ 3 20+ 0.9 88+ 4 102+ 5 89+ 7 123+ 9
[Pd(p-is. TSCN-NMe)]4, 3a 29+ 1 25+ 3 92+ 3 107+ 4 9%+ 7 134+ 7
[Pt(p-is. TSCN-NMe)]4, 3c 30+1 27+ 2 96+ 6 89+ 3 73+ 3 113+ 6
p-is. TSCN-Pip,4 15+ 1 12+ 0.5 80+ 4 95+ 3 72+ 5 94+ 5
[Pd(p-is. TSCN-Pip)}, 4a 10+ 0.7 9+ 1 73+ 3 94+ 1 68+ 2 90+ 3
p-is. TSCN-Hex,5 24+ 1 15+ 2 92+ 4 102+ 5 81+ 3 99+ 6
[Pd(p-is. TSCN-Hex)}, 5a 27+ 2 18+ 0.7 87+ 3 104+ 2 76+ 2 104+ 5
CDDP 7+ 0.1 414+ 0.7 7+ 0.5 35+ 0.7 160+ 0.7 164+ 0.8
Etoposide 136 + 10 180+ 12
Adriamicyn 156 + 11 150+ 5
Taxol 10+ 0.4 8+ 04

Table 2

Complexes referred in this review and reference therein

Compound References Compound References
[Pd(p-is.TSCN-NH)]4 1a [33,35] [Pd(p-is. TSCN-NHex)} 5a [32]
[Pd(p-is.TSCN-NH)]4 1b [31,34] [Pt(p-is. TSCN-NHex)} 5c [32]
[Pt(p-is. TSCN-NH)]4 1c [31,34] [Pt(p-is. TSCN-NMe)(-Cl)]> 3d [32]
[Pd(p-is. TSCN-NH)(n-Cl)]> 1d [33,34] [Pt(p-is. TSCN-NPip)-Cl)] > 4d [32]
[Pt(p-is. TSCN-NH)(n-Cl)]2 1e [33,34] [Pd(b.TSCN-NH)(rCI)]. 6d [32]
[Pd(p-is. TSCN-NHMe)}, 2a [34] Pd(b-HTSCN-NH)Cl, 6f [70]
[Pt(p-is.TSCN-NHMe)} 2¢ [32] Pt(b-HTSCN-NR)Cl, 6g [70]
[Pd(p-is.TSCN-NMe)]4 3a [32] [Pd(b.TSCN-NH)(1ACO)]2 6h [63]
[Pt(p-is.TSCN-NMe)]4 3c [32] Pd(b-TSCN-NH)Br(Lut) 6i IP
[Pd(p-is. TSCN-NPip)} 4a [32] [Pd(b-TSCN-NH)Br]4 6j IP

cytotoxicity relative to that of isomersa and1b, and also 5.1.2. Cytotoxicity values of the TSCN-R derivatives

has the best therapeutic index (T.I.: 4.65Jhe high cyto- Treatments of cisplatin resistance cell lines with the

toxic values for the TSCN complexes were even higher than tetranuclear palladium and platinum complexes derived

the clinically used drugs etoposide and adriamycin in the from ligands2 to 5 have generally resulted in a weaker re-

cisplatin-resistant cell line. Etoposide is one of the drugs Sponse than ligantiderivatives. However, despite the lower

currently used for the treatment of brain tum¢B4]. cytotoxic values in these lines, the tetranuclear complexes
Thus, from the anticancer screening data (Sakle 2, are more active than cisplatin and other clinically used

complexesla, 1b andlc are potential antitumor agents par- drugs (seeScheme » Cytotoxicity values from platinum

ticularly when one considers that they are active in tumor derivatives show a similar tendency to thecomplex, all of

cells in which current clinical drugs such as-DDP and ~ them being higher than for the palladium derivatiya4].

etoposide have poor or moderate cytotoxic activity. This fact )

indicates that these thiosemicarbazone complexes should-2- Dinuclear complexes

have a biochemical mechanism of action different from that

of Cis-DDP. Dinuclear complex capacity to inhibit tumor cell growth

has also been tested. Because of the higher toxicity values

for tetranuclear derivatives gf-is. TSCN-NH, we elected

to check the dinuclear complexes derived from ligand
ﬁhe Therapeutic Index is the comparison between the cyto- Scheme 5nC|UdeS_ the 1Go values of dinuclear comp'lexes
toxicity of the compounds towards normal Pam cells versus transformed 1d and le. The dinuclear complexes show cytotoxic val-
Pam-Ras cells. ues higher than cisplatin in the Pam-ras cell lines. The
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Scheme 5. Comparative chart of the cytotoxicity values from TSCN'’s discussed in this review. T: tetranuclear complexes, D: dinuclear complexes, M:
mononuclear complexes.

antitumoral response of these dinuclear complexes is not asstudying the conformation changes of the DNA by compar-
high as for the tetranuclear derivatives, but is still higher ison with the CD spectra already measured for the known
than the clinically used drugs taxol and adriamicine. More- DNA conformation[82]. We analyzed the effect of binding

over, the platinum derivative shows a extraordinarily high for tetranuclear and dinuclear complexes by comparison of

therapeutic index value (IT:5.9). the control DNA CD spectra with the CD spectra of com-
pound:DNA complexe$33]. The evaluation of the spectra
5.3. Mononuclear complexes and the wavelength at which the maximum and minimum

values of elipticity p] occur in the DNA incubated with

The ability of mononuclear complexes described in the tetranuclear complexds, 1b and 1c, indicate that cy-
Section 3to inhibit tumor cell growth was tested under cjopalladated compounds produce different conformational
the same conditions as the tetranuclear and dinuclear CoMthanges on DNA secondary structure from those induced by
plexes[74]. Complexes6f and 6g are also more active  the cycloplatinated compourit. A “tailing effect” appears
than cissDDP in the Pam-ras cell line. Both Compounds at 315nm in pa”admmDNA Comp|exes and also for p|at_
show a good cytotoxicity therapeutic index, being notably jhum:DNA complexeq33]. This “tailing effect” is absent
higher for the platinum derivative. These results indicate in Cisp|atin:DNA Comp|exes and is attributed to the forma-
that monomer complexes may also be considered as potention of DNA aggregates which may due to DNA interhelical
tial antitumor agents because they show not only a good cross-links formed by the met{83]. To find out whether
therapeutic index, but also high dgvalues in tumor cells  the “tajling effect” observed in the thiosemicarbazone com-
in which the antitumor drugis-DDP has poor activity. plexes with DNA is due to interhelical cross-link formation,
we analyzed the interaction of the higher cytoxicity com-
plexes (which are the ligantl derivatives) with linear and
supercoiled plasmid DNA. These experiments were carried

The cytotoxic assays discusseddaction 4clearly indi- ~ Out to detect the presence of DNA aggregates after DNA
cate that palladium and platinum thiosemicarbazone deriva-Melting (thermal denaturation).

tives should have a biochemical mechanism of action differ- ~Fig. 4 shows the pattern of the linear double strand
ent from that of cisplatin. It is very well known that DNAis PBR322 DNA bands and the pBR322 DNA bands of

the main pharmacological target of metal-based drugs, con-the tetranuclear complexes: pBR322 DNA compounds
sidering that we have analyzed the interaction of the most (TC:DNA compounds) after melting (see captiorfag. 4).

6. “In vitro” DNA binding studies of the complexes

representative complexes of every group with DNA. As expected, melted native pBR322 DNA migrates as a
smear which corresponds to a single strand DNA form
6.1. Tetranuclear and dinuclear complexes (lane 2). The melted TC:DNA compounds also migrate as a
smear of single DNA strand (middle of the lanes 3—11). Sur-
6.1.1. Studies of the interaction with the secondary prisingly, a fraction of high molecular weight DNA bands
structure of DNA retained in the agarose wells were observed at all the periods

Circular dichroism is a convenient method for monitor- of incubations of pBR322 with the tetranuclear complexes
ing the secondary structure of nucleic acids in solution, and (top of the lanes 3-11). This clearly indicates that those
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Fig. 4. Pattern of single and double-stranded DNA after melting of com-
poundla: pBR322 DNA (lanes 3, 6 and 9), compoufid: pBR322 DNA
(lanes 4, 7 and 10), and compoufid pBR322 complexes (lanes 5, 8
and 11) formed after incubation of linear pBR322 plasmid DNA with
compoundsla, 1b and1c atr; = 0.01. Cn, native DNA; Cd, denaturated
DNA; IHCL, interhelical cross-linked; dsDNA, double-stranded DNA,; ss-
DNA, single-stranded DNAL: p-is. TSCN-NH (lane 12); DDP: cisplatin
(lane 13). Reproduced with permission from J. Med. Chem. 41 (1998)
1399-1408. Copyright 1998 Am. Chem. Soc.

bands of unmelted DNA were forming aggregates due to
the formation of interhelical cross-links between the com-

pounds and several double-stranded DNA molecules. Those’

extensive interhelical CLs of the DNA fragments result in a
DNA mixture of high molecular weight unable to penetrate
through the agarose gel matfi&3]. The binding effect of

dinuclear complexes on the DNA secondary structure shows
very similar consequences to the tetranuclear complexes.

Fig. 5shows how compounds constituted by dinuclear com-
plex:DNA compounds (DC:DNA compounds) after melting

are retained in the agarose gel because a fraction of high

3 4 5 6 7 8 9 10 11 12

IHCL —

Cn Cd 1h 1h 5h 5h 16h 16h 24h 24h 24h 24h

Fig. 5. Pattern of single- and double-stranded DNA after melting of
thiosemicabazone complexes: pBR322 DNA compounds, formed after
incubation of linear pBR322 plasmid DNA with compléxl (lanes 4, 6,

8 and 10) and complege (lanes 3, 5, 7 and 9) at = 0.1. Cn, native
DNA; Cd, denaturated DNA; IHCL: interhelical cross-linked; dsDNA,
double-stranded DNA; ssDNA, single-stranded DNA;p-is. TSCN-NH
(lane 12); DDP: cisplatin (lane 13). Reproduced with permission from J.
Inorg. Biochem. 75 (1998) 293-301-1408. Copyright 1999 Elsevier.
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Fig. 6. Changes in the electrophoretic mobility of the ccc forms and oc
forms of supercoiled pBR322 plasmid DNA after 24 h of incubation with
compoundslc (lanes 2 and 4) andd (lanes 3 and 5). oc: open circular
form; ccc: covalently closed circular form; unmodified control DNA (lane
1). andp-is.TSCN-NH (lane 7) and cisplatin (lane 6) at = 0.2.

molecular weight has been formed (see captiofrigf 5).
Those aggregates might also be caused by interhelical CLs
between several double-stranded linear DNA molecules. In
both figures Figs. 4 and §} neither cisplatin nor ligand
produces any detectable DNA band at the top of the gel as
an indication that they are unable to form DNA interhelical
CLs. On the other hand, a DNA band corresponding to
double strand unmelted is observed in both figures (lane 12
Fig. 4, and line 12Fig. 5) for cisplatin. Cisplatin induces the
formation of some interstrand CLs in pBR322 DNig4].

6.1.2. Studies of the interaction with the tertiary structure
of DNA

The effect of the binding of metallic complexes on DNA
tertiary structure was determined by their ability to alter
the electrophoretic mobility of the covalently closed circular
(ccc) and the open circular form (oc) of the pBR322 plasmid
DNA [30,36]. For instancekig. 6 shows the electrophoretic
mobility pattern of the native supercoiled pBR322 plasmid,
the pBR322 DNA incubated with the tetranuclear complex
1c and with dinuclear compleke. The tetranuclear complex
and dinuclear complex incubation do not vary the mobility
of the ccc and oc forms of pBR322 DNA. However, as
expected, incubation of pBR322 DNA with cisplatin leads
to delay in the mobility of the ccc forms and to an increase
in mobility of the oc form. Cisplatin induces unwinding of
the DNA superhelix resulting in a loss of negative supercoils
and, therefore, a delay in electrophoretic mobility. Moreover,
cisplatin also induces a DNA “shortening” effect leading to
an increase in electrophoretic mobili§5].

Altogether, the data obtained from the analysis of the
interaction of the tetranuclear and dinuclear complexes
with DNA indicate that these tetranuclear complexes share
a unique feature, namely, the formation of DNA interheli-
cal CLs. Due to the fact that these compounds are active
in cis-DDP-resistant cell lines where, on the other hand,
cis-DDP is unable to form DNA interhelical CLs, it is possi-
ble that part of the biochemical mechanism of action of the
tetranuclear cyclometallated complexes and the dinuclear
complexes may be due to DNA interhelical CLs formation.
In fact, it has been previously reported that bis-Pt com-
plexes, which also form DNA interhelical CLs, are active
in tumor cells resistant tois-DDP [86].
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Since the cytotoxic activity of the tetranuclear complexes pounds) after melting. Just as expected, it was observed that
is higher than the dinuclear complexes, ansiDDP does control melted pBR322 DNA migrates as a DNA band which
not form interhelical CLs, we think that these polynuclear corresponds to the single-stranded DNA form and that the
compounds preserve the oligomeric structure, and producecontrol unmelted DNA migrates as a DNA band of higher
a different type of DNA adduct (interhelical CLs) than cis- molecular weight which corresponds to double-stranded lin-
platin. Taking into account that Pd or Pt atoms adopt a ear pBR322 DNA (see caption big. 7). However, two DNA
square-planar structure in the complexes, we postulate a nubands are observed in the melted MC:DNA compounds
cleophilic attack from some nitrogen atoms of the bases (i.e.,formed. The high mobility band corresponds to a melted
N7/N3 of guanine residues of different DNA molecules) at single-stranded DNA and the other one of lower mobility
two or more metal centers of the cyclometallated tetramer corresponds to unmelted double-stranded DNA. The band
without breaking up the cluster. The preservation of the clus- of unmelted double-stranded DNA is indicative of forma-
tered structure would be in agreement with the results ob- tion of DNA interstrand CL$86]. Cisplatin induces also the
tained in the present paper indicating that tetranuclear com-formation of DNA interstrand CLs but the double-stranded
pounds are more active than dinuclear and both form DNA unmelted DNA represents only about 5% of the total DNA

aggregates by means of DNA interhelical CLs. while in the same time, mononuclear compl&k &nd 6g)
unmelted double-stranded DNA represents 40 and 90% of
6.2. Mononuclear complexes the total DNA, respectively.
6.2.1. Studies of the interaction with the secondary 6.2.2. Studies of the interaction with the tertiary structure
structure of the DNA of the DNA
The monomer complex interactions with linear plasmid  The effect of binding of mononuclear complexes on DNA
DNA have also been analyzed. tertiary structure was determined by the capacity of the com-

Fig. 7ashows the pattern of DNA bands of mononu- Pounds to alter the electrophoretic mobility of the covalently

clear complexes: pBR322 DNA compounds (MC:DNA com- closed circular (ccc) and open circular (oc) forms of su-
percoiled pBR322 plasmid DNAFig. 7b shows that com-

pounds6f and6g do not alter the electrophoretic mobility
of the ccc and oc forms of pBR322 DNA. However, incu-
1 234 5678910112 bation of pBR322 DNA with cisplatin leads to a delay in
the mobility of the ccc forms and to an increase in mobility
e “ - ' of the oc form. Since mononuclear complexes do not alter
2 the electrophoretic mobility of supercoiled DNA, it is most
dsDNA — B likely that the adducts formed by these compounds on DNA
WU R £ ” Q’ * may stabilize, rather than unwind, supercoiled DNA. Thus,
: 3; g gg the absence of an unwinding effect in supercoiled DNA sup-
BES ports previous evidence indicating that monomer complexes
10h 243h 10h 243h 10]1 24h form DNA interstrand CLs that are located at twists of the
superhelix. This type of phenomenon has also been observed
1 2 3 4 5 6 7 8 in the interaction of certainis-Pt analogs with supercoiled
plasmids[87].

Altogether, the data obtained from the analysis of the in-
teraction of mononuclear complexes with plasmid DNA in-
dicate that both compounds have an enhanced capacity to

ccC form DNA interstrand CLs in comparison tws-DDP. The

(b) 5 0.05 0.1 fact that compoun@g exhibits higher cytotoxicity and forms
Fig. 7. (a) Pattern of single- and double-stranded DNA after melting More DNA interstrand CLs than compouitimay be cor-
of thiosemicabazone complexes: pBR322 DNA compounds, formed after related with the reactivity of palladium which is about®10
incubation of linear pBR322 plasmid DNA with ligan@i (lane3), cis- times higher than that of platinuf84]. Taking into account
platin (lanes 4-6), complesf (lanes 7-9), and complesg (lanes 10-12) that compounds$f and 6g have a metallic center in ais

at r; = 0.05. Cn, native DNA; Cd, denaturated DNA; IHCL.: interheli- . . . . . . .
cal cross-linked; dsDNA, double-stranded DNA; ssDNA, single-stranded conflguratlon agis-DDP but differ fromcis-DDP in the in-

DNA Reproduced with permission from J. Inorg. Biochem. 70 (1998) €rt group L, it is likely that steric reasons imposed by the
2117-2123. Copyright 1998 Elsevier. (b) Changes in the electrophoretic TSCN group may be involved in the enhanced ability of
mobility of the ccc forms and oc forms of pBR322 plasmid DNA after compoundssf and6g to form DNA interstrand CLs. Thus,

24 of incubation with complexef, 6 andcisDDP atr; = 0.05 (lanes  hat s probably the reason for the higher rate of formation of

2, 3 and 4, respectively) and 0.1 (lanes 5-7, respectively). Compounds . .
6 atr; = 0.1 is in line 8. oc: open circular form; ccc: covalently closed DNA interstrand CLs by the monomer compounds in com-

circular form; c: unmodified control DNA. Reproduced with permission ~ Parison withcis-DDP, and it may also explain the activity
from J. Inorg. Biochem. 70 (1998) 2117-2123. Copyright 1998 Elsevier. Of these compounds icis-DDP-resistant cells.

ssDNA —

(a) Cn Cd 24h 3h

0oc
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Table 3
ICs5p values \M + S.D.) obtained against several tumor and normal cell lines for the binuclear and mononuclear complexes derivethff6rigands

Cell lines

HL-60 JURKAT Hela Pam-ras Pam 212
p-is.TSCN-NH, 1 87+ 0.6 9+ 0.2 78+ 3 65+ 2 88+ 6
[Pd(p-is. TSCN-NH)CI]2, 1d 22+ 0.5 58+ 0.1 58+ 0.1 47+ 2 72+ 3
[Pt(p-is. TSCN-NH)CI]2, 1d 30+ 0.4 54+ 0.4 45+ 2 21+ 05 124+ 0.5
b-TSCN-NH, 6 80+ 0.7 88+ 1 124+ 3 84+ 1 128+ 5
Pd(b.HTSCN-NH)CI,, 6f 9+ 0.2 8+ 0.3 40+ 2 23+ 0.1 124+ 3
Pt(b.HTSCN-NH)CI2, 69 28 + 28 64+ 3 112+ 2 65+ 1 200+ 9
CDDP 7+0.2 41+ 0.2 7+ 05 157+ 6 164+ 6
Etoposide 136+ 10 180+ 12
Adriamicyn 156 + 11 150+ 5
Taxol 10+ 0.4 8+ 0.4

7. Apoptosis induction by the thiosemicar bazones
derivatives

The cytotoxic assays show that compleges1c andle

3. The data obtained from the analysis of the interaction of

the tetranuclear and dinuclear complexes with DNA indi-
cate that these complexes share a unique feature, namely,
the formation of DNA interhelical cross-links. Due to the

display specific cytotoxic activity against Pam-ras cell lines.
While the clinical drugs cisplatin, etoposide or adrimicine
(which are actually used in tumor treatm¢®8] associated

with H-ras oncogengB89] alterations) are not as specific as
any of the thiosemicarbazone complexes mentioned in this
review, the thisemicarbazone complexes show much better
therapeutic indexes (particularlyp, 1c andle complexes). 4.
How these two favorable outcomes are related with the apop-
tosis induction in Pam-ras cell lin¢g0,91](with a low drug
concentration) has also been studj8@]. Apoptosis assay
results show how a strong DNA ladder indicative of apopto-
sis is obtained from the DNA of Pam-ras cells treated with
the dinuclear and tetranuclear platinum compounds. On the
other hand, palladium derivatives show a smear of DNA
(instead of a DNA ladder) and the apoptosis quantification
values is less than the 10%. 5.

fact that these compounds are activeismDDP-resistant

cell lines and that, on the other hartds-DDP is un-

able to form DNA interhelical cross-links, the biochem-
ical mechanism of action of the tetranuclear and dinu-
clear compounds may be related with DNA interhelical
cross-link formation.
Since the cytotoxic activity of the tetranuclear complexes
is higher than for dinuclear complexes asistDDP does
not form interhelical cross-links, the maintenance of the

of this type of DNA adduct. Nucleophilic attack from
residues of different DNA molecules) could occurs at two

complexes, without breaking up the cluster.

oligomeric structure seems to be essential for production
some nitrogen atoms of the bases (i.e., N7/N3 of guanine
or more metal centers of the cyclometallated tetranuclear

The palladium and platinum mononuclear complexes de-

8. Recapitulation of the most relevant data

1. The reactivity of palladium and platinum salt with

thiosemicarbazones afforded polynuclear complexes
(ML) 4. Metal-carbon bonds are found in the structure
where the metal is either palladium or platinum, and
the ligand is the thiosemicarbazone in its thiolic form.
The core of the structure is an eight-member ring of
alternating metal and S atoms in a boat conformation.

2. The tetranuclear cyclometallated complexes are the

first reported polynuclear complexes with thiosemicar-
bazone ligands. Different Kg values are found for
these tetranuclear complexes, depending on the structure

rived from TSCN can also be considered potential antitu-
mor drugs. Compared with the TSCN polynuclear com-
plexes, a monomer structure produces a different inter-
action with DNA:interstrand cross-links. The palladium
mononuclear complegf in particular has an enhanced
capacity to form interstrand cross-links, perhaps due to
the higher reactivity of palladium compared to platinum.

6. Comparing the features of the ligands studied, the activ-

ity of the complexes may be related to hydrogen bond-
ing interactions with DNA. Evaluating the way that the
thiosemicarbazone compounts6 differ (Table 3, we
see that the higher activity is for ligarid probably be-
cause ligandL has a NH group free and available for
hydrogen bonding with DNA base pairs.

and on the metal. Different isomers of the tetranuclear Acknowledgements
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