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Abstract

The discovery of cis-platin in the treatment of cancer there has been a considerable exploration on the antitumoral
activity of other transition metal complexes. One of the main problems about the application of transition metal complexes
for chemotherapy is their potential toxicity. Recently the attention has been focused on titanium based complexes, which
could have significant potential effect against solid tumor. The advantage of Ti (IV) complexes is their relative biological
compatibility, which mostly leads to mild and revisable side effects. However, the hydrolytic instability of known Ti(IV)
complexes and formation of different species upon water addition makes their therapeutic application problematic, and
raises a strong interest in the development of relatively stable Ti(IV) complexes with well defined hydrolytic behavior that
demonstrate appreciable cytotoxic activity. Strong ligand binding is also of interest to avoid complete ligand stripping
by transferrin, so that the ligand may be used as a target for structure—activity relationship investigations. Titanocene
dichloride (Cp,TiCl,) shows an average antiproliferative activity in vitro and promising result in vivo. Recent work has been
performed in developing therapeutic analogues of Cp, TiCl, by varying the central metal, the labile ligands (Cl) and the bis-
cyclopentadienyl moiety. In particular, small changes to the Cp ligand can strongly affect the hydrolytic stability and water
solubility properties of the metallocenes and have an impact on the cytotoxic activity. In this review we want summarize
the importance of different organo-mettalic compounds in cancer therapy with focus on possible structure modification.
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Figure 1: Structures of Platinum complexes.
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Introduction

Biomedical inorganic chemistry, known as elemental medicine,
is an important new area of chemistry. It really offers the potential for
the design of novel therapeutic and diagnostic agents and hence for the
treatment and understanding of diseases which are now intractable [1-
3]. Inorganic elements has a crucial roles in biological and biomedical
processes, and it is evident that many organic compounds used in
medicine do not have a purely organic mode of action; some of them are
activated or biotransformed by metal ions including metallo-enzymes

[4], others have a direct or indirect effect on metal ion metabolism.
Medicinal inorganic chemistry offers real possibilities to pharmaceutical
industries, which traditionally have been dominated by organic chemistry
alone, for the discovery of novel drugs with new mechanisms of action.
This field has been stimulated by the success of cisplatin, the worlds best
selling anticancer drug, and platinum complexes with reduced toxicity,
oral activity, and activity against resistant tumors are currently on clinical
trial (Figure 1). The organo-metallic complex titanocene dichloride has
also been injected into patients, and Ruthenium III (Rulll) complexes
show promising anti-metastatic activity. There has been recent progress
in understanding the coordination chemistry and biochemistry of
older metallo-drugs such as gold antiarthritic and bismuth antiulcer
drugs, and further work might lead to their more effective use. Current
areas with exciting clinical potential include vanadium insulin mimics,
manganese superoxide dismutase mimics, lanthanide-based photo-
ensitizers, ruthenium nitric oxide scavengers, and metal-targeted
organic agents. The increasing knowledge of organo-metallic chemistry
will provide scope for the design of new compounds (both inorganic and
organic) in cancer therapy.

Anticancer Agents: Platinum

Clinical Platinum Complexes

Platinum complexes are the most widely used drugs for the treatment

of cancer. Four injectable PtII compounds have been approved for
clinical use and several other cis-diam(m)ine complexes are on clinical
trials, including an oral PtIV complex. Cisplatin (Figure 1- complex 23)
is one of the most widely used anticancer drugs, together with the second
generation drug carboplatin [Pt(NH,),(CBDCA-O,0")] (Figure 1- 24).
The glycolato nedaplatin, 254-S-(Figure 1- complex 25), and oxaliplatin,
1-OHP, which contains R,R-1,2- diaminocyclohexane, DACH (Figure 1-
complex 26) have been approved for clinical use in Japan and France,
respectively. These drugs are particularly effective in combination
chemotherapy for treatment of advanced lung, colorectal, and ovarian
cancers [5-7]. The sterically-hindered complex ZD0473 (Figure 2-
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Figure 2: Structure of Platinum complexes.
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Figure 3: Structure of Platinum complexes.

complex 27) is active (by injection and oral administration) against
an acquired cisplatin- resistant subline of a human ovarian carcinoma
xenograph, and entered clinical trials in 1997 [8,9]. It is less reactive than
cisplatin, for example inducing DNA interstrand crosslinks in cells and
binding to plasma proteins more slowly. The hydrolysis rate of ZD0473
is two to three times slower those of cisplatin. The orally active complex
JM216 (Figure 2- complex 28) is reported to have superior in vitro and
in vivo activity compared to cisplatin against human cervical, small cell
lung, and ovarian carcinoma cell lines [10]. When JM216 is incubated
with human plasma it is converted into at least six biotransformation
products, which include monoand dihydroxo PtIV complexes and the
dichloroplatinum(IT) ~ complex  cis-[PtCL(NH,)(cyclohexylamine)]
as the major metabolite [11,12]. Complex Lobaplatin (D-19466) was
introduced into clinical trials [13]. The trinuclear complex BBR3464
(Figure 3- complex 30), in which the central Pt unit is capable only
of hydrogen-bonding interactions with DNA is reported to be up to
100-fold more potent than cisplatin against human tumor cell lines
resistant to cisplatin [14,15]. The overall charge enhances DNA affinity,
characterized by long-range interstrand cross-linking up to six base pairs
apart with significant unwinding and efficient, irreversible conversion
of B- to Z-DNA. The adducts terminate DNA synthesis in vitro. The
cytotoxicity of the complex is insensitive to the p53 status of cisplatin
resistant cells (effective against tumors carrying a mutant p53). cis-
Bis(nonadecanoato)(trans-R,R-1,2-diaminocyclohexane)- platinum(II)
(N-DDP) is a liposome-incorporated lipophilic cisplatin analogue that
has shown promising in vivo activity against tumors resistant to cisplatin
and liver metastases [16].

Palladium Complexes as Alternative Potential Antitumor
Agents

The hydrolysis of leaving ligands in Palladium (Pd) complexes
is too rapid, 105 times faster than their corresponding platinum

analogues. The notable analogy between the coordination chemistry
of Pt(II) and Pd(II) compounds has advocated studies of Pd(II)
complexs as antitumor drugs [17,18]. A key factor that might explain
is most useful come from the ligand-exchange kinetics. They dissociate
readily in solution leading very reactive species that are unable to reach
their pharmacological targets. In addition, some of them undergo
an inactive trans-conformation. This considerably higher activity of
palladium complexes implies that if an antitumor palladium drug is to
be developed, it must somehow be stabilized by a strongly coordinated
nitrogen ligand and a suitable leaving group. If this group is reasonably
non labile, the drug can maintain its structural integrity in vivo long
enough. Various simple Pd(II) compounds with interesting biological
properties have been previously reported such as [cis-(NH,),PdCL]
(Figure 4- complex 1), [trans-(NH,),PdCl] (Figure 4- complex 2).
Recent advances in this field have also focused on Pd(II) compounds
bearing bidendate ligands as a way to prevent any possible cis-trans
isomerism [19-21] .

Trans-Palladium  (II)
Monodentate Ligands

Complexes Containing Bulky

Several trans-Pd complexes with promising activity against tumor
cells have been synthesized. In general, the strategies that have been
applied to design these agents were on the window of reactivity usually
employed for the potential platinum antitumor drugs. A comparative
study on antitumor activity was carried out between the dihalide Pd(II)
complexes of monoethyl-2-quinolmethylphosphonate (2-Hmqmp)
and diethyl-2- quinolmethylphosphonate (2-dmqmp) [22] . The diester
ligand has two potential donors, the N from quinoline and the O
from phosphoryl giving the complex [trans-(2-dqgmp),PdCl,] (Figure
5- complex 1). The complexes of the diester 2-dmgmp were found to
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Figure 4: Two palladium (ll) compounds with biological properties.
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Figure 6: Structure of the palladium (II) complex.

be more active than those of the monoester-based ligand (2-Hmqmp).
This may partly be ascribed to the greater leaving activity of the halogen
ligands in the complex bearing the 2-dmqmp ligand and to their greater
lipophilicity or solubility. Fulrani et al., reported about the synthesis and
cytotoxicity evaluation of some trans-[(L),Pd(X),] complexes (Figure 5-
complex 2). Other palladium complexes based on 2-Mercaptopyridines
(MP) were also prepared. The [(MP),Pd(Br)]Br (Figure 5- complex 3)
is of potential therapeutic use since it has lower IC,  values on LoVo
cell lines than cisplatin and around the same as its Pt(II) analogue
[23]. Pd(II) complexes containing alkyl phosphonates derived from
aniline and quinoline were reported. Most of the aniline compounds
(Figure 5- complex 4) showed cyctotoxicity in vitro against animal
and human tumor cell lines. The palladium complex which contains
the bulky nitrogen ligand harmine (7-methoxy-1-methyl- 911-pyrido
[3,4-b]indole, trans-[Pd(harmine) (DMSO)CL] (Figure 5- complex 5)
exhibits a greater cytotoxic activity against L1210 and K562 cell lines
than cisplatin [24]. More recently, it has been reported the synthesis
and molecular structure of a new enantiometrically pure, chiral trans-
palladium(II) complex, trans-[Pd{(R)-(+)- bornyl-amine},Cl,] (Figure
6) that bears the bulky amine ligand R-(+)-bornyl-amine. The complex
showed similar antitumor activity against HeLa cells when compared
with the activity of the standard references, cisplatin, carboplatin and
oxaliplatin [25-110].

Ruthenium (II & IITI) Complexes as Antitumor Agents

Recently it was shown that Ruthenium (Ru) possesses several
favorable chemical properties, suggesting that it may be a strong
candidate to replace platinum. Ruthenium is less toxic than platinum
and it is believed that the anticancer activity of ruthenium resides in
its ability to mimic iron in binding to several biomolecules, including
serum transferrin and albumin. Two Ru(III) complexes, namely trans-
[RuCl,(Im)(DMSO)]ImH (NAMI-A) (Figure 7- complex 1) and trans-
[RuCl,(Ind),]IndH (KP1019) (Figure 7- complex 2) are undergoing
clinical trials. KP1019 is cytotoxic to cancer cells, NAMI-A is relatively
non-toxic but has anti metastatic activity [28-32]. It has been proposed
that the activity of Ru (III) complexes, which are usually relatively
inert towards ligand substitution, is dependent on in vivo reduction to
more labile Ru (II) analogues. Thus, the activity of Ru (II) complexes
is currently being explored. In particular, since arenes are known to
stabilize ruthenium in its 2+ oxidation state, the potential of Ru (II)-(n°-
arene) complexes as anticancer agents is under investigation [31-33].
Half-sandwich (n°-arene)Ru(II) complexes with imidazole, sulfoxide,
phosphane, chelating amino acidato, and diamine or diimine ligands
have also been evaluated for cytotoxic activity. Both the size of the arene

and the lability of the Ru-Cl bond have found to play a crucial role in
determining the cytotoxicity of ruthenium (II) complexes of the type
[(n®-arene)RuCI(LL")](PF,). Compounds with extended polycyclic
arenes (e.g. tetrahydroanthracene) and LL" = ethylenediamine (en)
are most active towards A2780 human ovarian cancer cells, whereas
those with polar substituents on the arene such as COOCH, (an
electronwithdrawing group) or with aromatic diimine ligands such as
2,20-bipyridine (bpy) or 1,10- phenanthroline (phen), exhibit either
poor or no activity. Further increases in the size of the polypyridyl
ligand (pp) lead, however, to a dramatic reversal of the latter trend
and the in vitro cytotoxicities of the complexes [(n°-C ,Me,)RuCl(pp)]
(CF,S0,) (Figure 8) towards the human cell lines HT-29 (colon cancer)
and MCF-7 (breast cancer) are strongly dependent on the surface area
of the aromatic system. For instance, the IC_ values decreases from
11.1 over 2.12 to 0.13 uM for MCF-7 cells as the size of the polypyridyl
ligand increases in the order dpq < dppz < dppn (dpq = dipyrido- [3,2-
£:2°,3"- h]quinoxaline; dppz = dipyrido[3,2-a:2",3 "-c]phenazine; dppn
= benzoli]dipyrido[3,2-a:2",3 "-c]phenazine). These value correlate
well with the cellular uptake efficiency, which increases from 1.1 over
146.6 to 906.7 ng (Ru)/mg(protein) within the series. The kinetically
inert complexes [(n°-CMe,) Ru{(NH,),CS}- (pp)](CE,SO,), (pp =
dppz, dppn) (Figure 9) are also cytotoxic and this suggests that specific
properties of the large polypyridyl ligands (e.g. DNA intercalation
and/or cleavage) may be responsible for their biological activity. DNA
binding studies indicate that (n°- C Me )Ru(II) compounds containing
dpq or particularly dppz ligands are good metallointercalators but that
the dppn ligand is too large to support stable intercalation between the
base pairs of the double helix [34-42]. The in vitro and in vivo assessment
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Figure 7: Structure of the anticancer drugs: NAMI-A (1) and KP1019 (2).
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Figure 8: Structure of [(n6-C6Me6)RuCl(pp)](CF3SO3).
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of a series of n°-arene ruthenium complexes containing a pta ligand (pta
= 1,3,5-triaza-7- phosphaadamantane) were evaluated as anticancer
agents [44]. In addition to the benzene, toluene, para-cymene and
hexamethylbenzene derivatives, three systems with functionalised
arene ligands were tested, (Figure 9, complexes 1, 2 and 3). All pta
complexes were found to cause pH-dependent DNA damage, in such
a way that DNA was damaged at the typical pH of hypoxic tumor cells,
whereas little or no damage was observed at characteristic pH values of
healthy cells. This behavior was attributed to the pta ligand, which can
be protonated at low pH, and the protonated form was considered to be
the active agent. Therefore, the introduction of functionalised pendant
arms on the arene ligand, such as in the below complexes (Figure 8),
did not show any significant improvement in the cytotoxicity of the
compounds (IC50 (TS/A cells) = 66 uM,; 103 uM,; 159 uM,) as compared
to the n®- aromatic hydrocarbon systems.

Copper Complexes as Antitumor Agents

The anticancer activities of range of simple copper complexes
incorporating different types of nitrogen donor ligands such as purine,
thiosemicarbazone, imidazole, benzohydroxamic acid and amino acid
ligands have been studied [44-47]. Some mixed chelate copper-based
drugs have exhibited greater antineoplastic potency than cisplatin in
vitro and in vivo studies [48,49]. Copper complexes appear to have a
mechanism of action significantly different to that of the clinically used
drug cisplatin. For example, the complex [Cu(malonate)(phen),] was
shown to induce apoptosis in cultured mammalian cells and is known
to mediate significant cellular oxidative stress, promote membrane
lipid peroxidation and interfere with mitochondria respiratory activity
in fungal cells [50,51]. Similar copper chelates of phen were studied
and also showed high antineoplastic activity by inhibiting respiration
and ATP synthesis [52]. Furthermore, [Cu(phen)]* type complexes
are known to bind to DNA both intercalatively and non-intercalatively
and are known as potent oxidative nucleases but the exact structure
of [Cu(phen)]** when bound to DNA has not been fully characterized
[53]. Recently Devereux et al. have been examining alternative
chelating ligands such as TBZH and 2-PyBZIMH (Figure 10- complex
1 and 2). The anti-cancer activity of TBZH is enhanced greatly when it
is bound to a copper centre [54] but none of the complexes reported
so far have exhibited activity close to that of cisplatin. Reports of the
biological activity of 2-PyBZIMH are scarce with no papers published
describing the anti-cancer activity of its copper complexes. Its use as a
ligand in the preparation of novel Pt (II) and Pd(II) anti-cancer agents
has been reported [46]. These workers did not test the free 2-PyBZIMH
ligand but found that [Pt(2-PyBZIMH)CI,] was the most efficient anti-

cancer agent against eight brain tumour cell lines, but the activity was
significantly less than that of cisplatin. Recently, synthesized a complex
of Cu (II) with bis(3 acetylcoumarin) thiocarbohydrazone (Figure 11).
This distorted octahedral complex has shown promising cytotoxic
activity when screened using the in vitro method for certain types
of cell lines. Bravo-Gémez et al. selected a mixed chelate copper (II)
complexes of [Cu (N-N)(acac)]NO, and [Cu(N- N)(gly)]NO, with
several substituents on the diimine ligand to perform a quantitative
structure-activity relationship (QSAR) study. Moreover, Chen et al.
have synthesized copper (II) complexes of ethyl 2-[bis(2-pyridylmethyl)
amino]propionate ligand (ETDPA). These complexes are stable in air
with the formula of [(ETDPA)CuCl,] and [(ETDPA)Cu(phen)](CIO,),.
The DNA-binding properties of the two Cu complexes with DNA was
different. The binding mode of [(ETDPA)CuCl,] is not the classical
intercalation binding, and the binding mode of [(ETDPA)Cu(phen)]
(ClO,), with DNA is intercalation. The cytotoxic assay shows that the
[(ETDPA)Cu(phen)](CIO,), is more active on the proliferation of
cancer cells than the [(ETDPA)CuCL)].

Anticancer Agents: Titanium Complexes

Among the metals studied to dates which comprise much of the
periodic table complexes of titanium have shown particular promise
due to high activity against tumors that are resistant to cisplatin
combined with low toxicity [55-62]. In particular, the titanium
complexes bis(cyclopentadienide)titanium dichloride [(Cp,TiCl,),
titanocene dichloride, TDC, (Figure 12 - 1 complex)] and cis-
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Figure 10: Structure of TBZH and 2-PyrBZIMH ligands.

Figure 11: Proposed structure of the copper complex synthesized by Sathisha
etal.
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Figure 12: Structure of TDC (1) and Budotitane (2).

diethoxybis(1-phenylbutane-1,3-dionato)titanium(IV) [(bzac),-
Ti(OEt),, budotitane, (Figure 12- 2 complex)] stand out as the first
metal-based chemotherapeutics to reach Phase I clinical trials since the
development of cisplatin. Although both TDC and Budotitane showed
promise in these preliminary studies, TDC has not progressed beyond
Phase II due to its low efficacy vs. toxicity ratio, [63,64] and Budotitane
has not progressed past Phase I due to formulation problems [65].
These difficulties have boosted the development of titanium complexes
that display higher activity and hydrolytic stability. The strong cytotoxic
activity of TDC against implanted Ehrlichascites tumors (EAT) in
mice was reported, where cure rates greater than 80% were observed
with little of the heavy-metal toxicity observed with cisplatin [66]. In
subsequent studies the authors reported the key observation that while
TDCand vanadocene dichloride displayed similar activities against EAT
in vivo and on MCF-7 in vitro , the cytotoxicity of TDC was 100 times
less than that for vanadocene dichloride in vitro [67,111]. The reason
for this drop in activity was hypothesized to be due to the hydrolytic
instability of TDC, which rapidly forms insoluble aggregates in aqueous
solution with eventual formation of TiO,, a feature that is known to
occur with many Ti (IV) complexes due to their electron-poor and
oxophilic nature. A detailed study of the hydrolytic behavior of TDC in
neat water at various pH ranges revealed that at pH 5, following a rapid
loss of the first chloride ion, complete hydrolysis of both chloro groups
occurs with a t1/2 of ca. 50 min, while hydrolysis of the Cp ligands is
slower (t1/2 ca. 54 h). In contrast, vanadocene dichloride was stable
toward hydrolysis at pH 7, which likely explains the difference between
the in vitro and in vivo results for these two compounds. The in vitro
cytotoxicity could be restored by employing a galenic formulation,
and a subsequent patent reported a water-soluble formulation of TDC,
MKT-4, which has allowed for its intravenous administration during
clinical trials. The anticancer properties of Budotitane were tested in
Phase I Clinical Trial [74]. It possesses activity towards animal tumors
such as EAT and colon tumors [56,65]. When examining its hydrolysis,
addition of Budotitane to neat water resulted in a suspension where
the complex remained completely undercomposed. However, if water
was added to a solution of Budotitane in methanol or acetonitrile, rapid
hydrolysis ensued. The half-life for hydrolysis of the ethoxy groups in
water was calculated as t1/2 = 20 s, while hydrolysis of the diketonato
ligand in acetonitrile/water solutions of Budotitane is observed after 2.5
h. The use of smaller diketonato ligands was noted to lead to even more

rapid ligand hydrolysis. NMR studies indicate that Budotitane exists
as the cis isomer [56]. MM3 studies suggest that the predominance of
the cis compound is primarily due to steric factors. In an interesting
demonstration of the additional structural complexities that can
accompany the use of transition metals as drugs, the unsymmetrical
ligands of Budotitane can potentially give rise to three sets of
enantiomeric cis complexes. In CDCI3 solution at 23 °C, Budotitane
exists as a 4:1 mixture of two cis isomers. The relative cytotoxicity of
these two compounds has not been investigated, although the crystal
structure of one of them has been determined [69].

Structure-Activity Relationships of Titanocene Dichloride and
Related Compounds: Many work has been performed in developing
therapeutic analogues of TDC by varying the central metal (M), the
labile ligands (Cl) and the bis-cyclopentadienyl moiety.The study of
cytotoxic metallocenes other than titanium has been described in detail
elsewhere [70]. Substitution of the chloro ligands has been explored in
order to produce analogues with greater water solubility, but in general
has not been shown to have a strong impact on cytotoxic activity. For
example, titanocenes of the general formula Cp,TiX, (X = Cl, Br, NCS,
maleate, O,CCl,) all achieved cure rates of 100% in mice with fluid
EAT, consistent with the hypothesis that the cytotoxic Ti (IV) species is
generated from displacement of the labile halide ligands in TDC [71]. In
contrast, small changes to the Cp ligand can strongly affect the hydrolytic
stability and water solubility properties of the metallocenes and thereby
impact the cytotoxic activity. In addition, it has been proposed that
substitution can also affect the ability of the ligand to intercalate
with DNA, although further work needs to be done to establish this
mechanism. Substitution of one of the hydrogen atoms of the Cp ligand
by R [R = Et (Figure 13 - complex 3), R = Si(CH,), (Figure 13- complex
4)] was reported to reduce cure rates of mice with fluid EAT to 60-
80%, while substitution of both Cp ligands by R reduced dramatically
to 10-30% the survival [55]. Pentamethyl-substituted titanocenes were
reported to be completely devoid of cytotoxic activity. The extent to
which this lowered activity represents the reduced water solubility of
these compounds is uncertain. Studies on the hydrolytic behavior of the
methylated metallocene compound (C,H,Me), TiCl, (Figure 13-complex
5; C,H ,Me = 1-methylcyclopentadienide) complexes revealed that the
CpMe ligands were less readily hydrolyzed than TDC at physiological
pH. Furthermore, when the chloride ligands were replaced with glycine
(Figure 13 - complex 6), water-soluble complexes with high stability at
physiological pH were obtained. The complexes were observed to form
stable complexes with nucleotides at pH 7, although further biological
studies were not reported [72]. Substitution of the Cp ring by electron-
poor substituents (R = CO,Me, Figure 13 complex 1 ) was reported to
lead to increased cytotoxicity in a human small-cell lung-cancer cell
line but revealed little cytotoxicity towards a number of other cells
studied [73]. The latter may be explained by reduced hydrolytic stability
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Figure 13: Studies on the hydrolytic behavior of the methylated metallocene
compound.
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due to decreased ligand-to-metal electron donation. A large number
of titanocene analogues containing aromatic groups appended to the
Cp ligand have also been synthesized [62]. Although generalizations
regarding structure- activity relationships are not yet clear, these
complexes have shown good in-vitro activity against the LLC-PK cell
line. When tested against a panel of 36 human tumor-cell lines, the
most promising candidate, titanocene Y (Figure 14 - complex 8), was
found to have good activity against renal cell cancer. Interestingly, the
oxalato (Figure 14 - complex 9), possessing a substantially less labile
chelating ligand in replacement of the chloro groups, was reported
to have a 13- fold increase in activity relative to titanocene Y during
in vitro studies against the LLC-PK cell line [74]. Yet in vivo studies
showed almost identical activity to titanocene Y [75]. Although the
hydrolysis behavior of titanocene Y and oxalato was not studied in
detail, it is possible that differences in the IC, values of titanocene Y
and oxalato obtained in vitro may in fact reflect the greater hydrolytic
stability of oxalato. In general, lower activity was found in analogues
where the two Cp units were bound by a two-carbon bridge, obtained as
mixtures of stereoisomers (Figure 14- complex 10), although other ansa-
metallocene complexes studied recently revealed promising activity
[76,77]. Several attempts have been made to improve the aqueous
solubility of TDC through appendage of polar side chains to the Cp
ligands. For example, titanocenes with alkylammonium hydrochloride
moieties afforded improved aqueous solubility. (Figure 15- 11) showed
good activity against both A2780 and the cisplatin-resistant A2780/
CP cell lines [78]. Interestingly, an analogue of the complex 11 (Figure
15- 11) with a bulkier Cp ligand (Figure 15- 12) possessed comparable
cytotoxicity [79]. Concurrently, in a parallel study, a significant number
of similar alkylammonium complexes were synthesized and their in
vitro cytotoxic properties assessed against A549, H209, and A2780 cell
lines in direct comparison with the water soluble preparation of TDC,
MKT-4 [80]. In initial studies an intriguing difference in cytotoxicity
was found between bis(alkylammonium)cyclopentadienide complexes
and those containing a single alkylammonium Cp ligand [81].
Subsequent studies on related complexes, however, have found that this

“bis(alkylammonium)” effect is not necessarily general. A number of
cationic, water-soluble derivatives of TDC have been prepared through
incorporation of an ester or a secondary amide on to the Cp ligand
[82,83]. By employing an acylation reaction, a diverse array of amide
and ester-containing titanocenes were synthesized. In vitro studies of
complexes with the general structure of the complex 14 (Figure 16)
showed good activity against BJAB (leukemia) cell lines [84]. Notably,
complex 15 (Figure 15) possesses a fluorescent aminopyrene unit which
may be of potential application in studies on the biological activity
mechanism.

Structure-Activity Relationships of Budotitane and Related
Compounds: The structure-activity information gleaned from the
synthesis of 200 derivatives of budotitane with the general formula
D ,MX, (D = 1,3 dicarbonyl;M = metal; X = labile ligand) and their
activity against the sarcoma 180 ascitic tumor model were reported.
Among the metals investigated, tumor-inhibiting effect decreased
in the order Ti>Zr >Hf >Mo >Sn >Ge. No significant difference in
cytotoxicity was found between compounds incorporating the labile
groups X (X = E Br, Cl, OEt), although the OEt group was eventually
chosen due to its greater hydrolytic stability. Among the 1,3-dicarbonyl
groups studied, acetylacetonato (acac) compounds possessed very
low activity, while optimal antitumor activity was found for the
benzoylacetonato (bzac) ligand. Incorporation of electron-withdrawing
(CL, NO,) or donating (OMe) groups on the aromatic ring had a slightly
deleterious effect upon the observed activity, as did the replacement of
phenyl for tertbutyl, although considerable cytotoxicity was retained.
The cytotoxicity of structurally related mononuclear and polynuclear
titanium (IV) 4-acyl-5-pyrazolonato (Figure 17- complex 16) species
that are structurally related to Budotitane were explored [57,85].
The cytotoxicity of a tetranuclear species (Figure 17- complex 17)
was encapsulated in a liposome due to insufficient water solubility
and found to display cytotoxicity against TA-3 and HEP-2 cell lines

in vitro. Synthetic studies found that selectivity for mononuclear
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Figure 16: In vitro studies of complexes with the general structure of the
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compounds could be obtained by rigorous avoidance of moisture
during their synthesis. Notably, addition of trace water to a solution of
the monomeric compound 18 (Figure 17- complex 18) in anhydrous
[D,] benzene formed a highly stable species that was hypothesized to be
hydrolyzed oxo-bridged oligomers retaining the chelating ligand within
15 min, unlike the observations with budotitane [56].

Comparison of the Biological Profiles of Titanocene Dichloride
and Budotitane: In general, the biological activity profiles of TDC
and Budotitane show many congruencies. When in vivo studies are
compared, TDC and Budotitane show good activity against slow-
growing tumors of the colon, liver, and kidney, and relatively poor
activity against faster growing cancers such as leukemia. Notably,
emesis and other symptoms associated with the toxicity of cisplatin were
absent during clinical trials of TDC and Budotitane. Both compounds
hydrolyze easily, and require galenic preparations with water-soluble
ligands in order to impart water solubility and stability. Additionally,
both complexes contain a set of aromatic ligands that undergo
hydrolysis under physiological conditions within several hours. The
observation that TDC and Budotitane do not exert their maximal
cytotoxic effects until >24 h after administration in stark contrast to
cisplatin certainly leads to the question of how this relates to the half
life of ligand hydrolysis [85]. In addition, the observation that TDC
possess enhanced cytotoxicity following aging in certain organic co-
solvents [61] raises questions regarding the particular lability required
of active complexes. While a number of detailed biological studies have
been performed on TDC, analogous biological studies for Budotitane
are largely absent. Although it is reasonable to hypothesize that TDC
and Budotitane share a common mechanism of action, too little is
known at this stage to draw definite conclusions. The following section
will attempt to summarize what is currently known about the mode of
action of these cytotoxic titanium complexes.

Mechanistic Aspects of Biological Activity of TDC and
Budotitane

Early hypotheses that TDC share a mechanism of action with
cisplatin have been challenged by the efficacy of TDC against cisplatin-
resistant cell lines, as well as by the disparate chemical behavior of “hard”,
hydrolytically unstable Cp,TiCl, with “soft”, water soluble CL,Pt(NH,),
observed in aqueous solution under physiological conditions [63].
Nucleic acid metabolism appears to be disturbed by titanocene
complexes. Analysis of the intracellular localization of titanium after
treatment of TDC found titanium accumulation in cellular regions rich
in nucleic acids [88]. Interestingly, while cisplatin immediately causes
cessation of DNA-metabolic activity, TDC does not affect cell transit
through the S phase but cells are irreversibly unable to perform mitosis
[89]. It has been concluded that the three main phenomena observed
in cells after treatment with TDC - specifically, the formation of giant
cells, the activation of endogenous viruses, and the development of
cellular necrosis - are all consistent with an interaction of TDC with
intracellular DNA [90]. Adducts of TDC (Cp,Ti-DNA and CpTi-DNA)
with calf thymus DNA has been detected spectroscopically,[88] as was
also supported by model studies with particular nucleotides [92]. The
specific interaction of the active titanium species with DNA remains
unclear, although an interaction with the phosphate backbone has been
proposed [93]. As far as Budotitane is concerned, the contribution of
the aromatic diketonato ligand toward higher cytotoxicity has led to
hypotheses involving DNA intercalation [56,85]. However, in light of
the considerable activity retained when C H, is replaced by tert-butyl,
the uncertain nature of the active species, and the paucity of biological
studies on Budotitane, this proposal remains speculative. Another

work described the interaction of TDC with topoisomerase II, an
enzyme catalyzing the opening and rejoining of the DNA phosphate
backbone during the cell cycle. TDC was reported to be a potent
inhibitor of topoisomerase II, which may also lead to antiproliferative
effects [94]. Much recent work has focused on the mechanism by which
anticancer titanium complexes are transported into cells. Importantly,
the question of whether ligands remain attached to the titanium during
transport into the cell or whether the ligands merely serve to protect the
titanium center from hydrolysis in the intercellular medium remains
an important unanswered question. Uncovering the mode of titanium
transport would have important implications for the design of more
effective and potent cytotoxic titanium complexes. Noting the increased
number of transferrin receptors on the surface of cancer cells and the
implication of transferrin in transport of metal ions such as Galll and
RullI to cancer cells [95,96], it has been proposed that transferrin (Tr)
is responsible for uptake of titanium from the intercellular medium
[98,99]. Transferrin, the 80 kDa protein responsible for iron transport
into cells, is present in the intercellular medium at a concentration of
ca. 35 ul and contains two metal binding domains that are about 30%
saturated with FellIl in blood plasma. Additional studies have shown that
TilV binds more strongly to human serum transferrin than does FellI
[101,102] UV/Vis and 1H NMR studies support the conclusion that
TDC as [Cp,Ti(citrate),] binds to transferrin with complete hydrolysis
of the Cp ligands. After reaction with transferrin for 30 min at pH 7,
1H NMR signals attributed to bound Cp in TDC disappeared, replaced
by resonances characteristic of free cyclopentadiene. Interestingly, at
low pH <5.5, the titanium was released from Ti,Tr to bind to ATP. In
this mechanism, TDC, or its analogues [103,104], could possibly serve
as a pro-drug, with the ligands protecting the titanium center from
hydrolysis into titanium dioxide in the intercellular medium. Although
TDC is completely hydrolyzed by transferrin in the presence of added
citrate, the binding of transferrin to the potentially oxo-bridged
hydrolysis products of TDC may occur with different rates and/or
selectivities. In addition, the water-stable tetranuclear titanium (Figure
18 — complex 20) based on the diketonato analogue maltol ligand
(Figure 18- complex 19) does not donate TilV to transferrin, yet is
active against HT-29 cell lines in vitro with values comparable to that of
TDC, unlike other titanocene derivatives studied in comparison [105].
Thus, it would appear that further work is necessary in establishing
transferrin as the exclusive agent of active transport for cytotoxic
titanium complexes. A recent paper proposes an alternate theory for
titanium transport to cells through the action of serum albumin (HSA)
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Figure 18: Water-stable tetranuclear titanium.
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[106]. HSA, which is present in high concentrations in the intercellular
medium (ca. 700 pl), possesses a variety of metal-binding sites and has
been shown to bind intact metal complexes such as photosensitizers
and contrast agents. NMR studies showed that, in contrast to albumin-
free controls, solutions of TDC in the presence of HSA showed no
visible signals for either free Cp,TiCl, or cyclopentadiene after several
days. Instead, two proton signals were observed, and proposed to
represent TilV-bound Cp protons. These results strongly suggest that
HSA stabilizes the Cp,Ti moiety at physiological pH, and that the
extent to which albumin binding stabilizes complexes may be crucial
to bioactivity. This was supported by studies on other metallocene
analogues [9]. In contrast, binding studies with the dichloro analogue
of Budotitane showed less than TDC equiv. of Ti bound to the protein
and the presence of free ligand in the NMR spectrum. It was also
reported that while transferrin outcompeted HSA for titanium citrate,
exchange of Ti from a preformed HSA-Ti complex to transferrin was
slow and incomplete. The important distinction of this model is that
the ligands of the cytotoxic titanium complex remain bound, allowing
for a biological mechanism implicating the ligands in a putative DNA-
binding event within the cell. An important unanswered question in this
model is whether there is a mechanism by which the HSA-Ti complex is
transported into the cell, or whether HSA serves as a protecting group for
the active titanium complex until it is transported by passive diffusion
into the cell. The discovery that serum albumin can stabilize otherwise
hydrolytically unstable titanium complexes has, therefore, added a new
dimension to the study of these compounds. It is thus clear that there
is significantly more to be studied than is known about TilV complexes
as cytotoxic agents. Despite the many years since the initial findings
regarding the involvement of TilV centers in biological interactions
of a therapeutic potential, very little is known about the actual fruitful
biological interactions involved in the cytotoxicity mechanism, as well
as about the exact requirements of a suitable complex and its attendant
ligands. Thus far, only complexes of Cp, diketonato, or related ligands
have been explored, although some recent derivatives demonstrate
markedly improved features. Nevertheless, the enormous potential of
the TiIV center due to its notably low toxicity calls for a reinvestigation
of its diverse complexes.

Phase II trial of titanocene dichloride in advanced renal-cell
carcinoma

In Clinical Trial, 14 patients with advanced renal cell cancer
(RCC) were recruited into phase II trial. Patients were eligible if they
had histologically confirmed RCC, bidimensionally measurable meta-
static or locally recurrent unresectable disease, no prior medical
antineoplastic treatment, a life expectancy of at least 3 months along
with a Karnofsky performance status of above 70%, and adequate renal,
hepatic, and bone marrow function. The patients' characteristics are
outlined in Table 1. All patients were treated with titanocene dichloride
(provided by Medac, Hamburg, Germany) given at 270 mg/m2 on
day 1 by i.v. injection. Treatment cycles were repeated every 21 days.
Patients who achieved partial or complete responses or stable disease
after two cycles were continued on titanocene dichloride until either
progression or stabilization of their disease for two cycles. The response
to treatment was assessed after two cycles of therapy and every 3
months thereafter according to WHO response criteria [108]. A total of
11 patients received 2 cycles of titanocene dichloride. One patient who
presented with stable disease continued the treatment for a further two
cycles and one patient died due to tumor progression within 4 weeks.
There was no complete or partial response. Three patients (21%) had
stable disease (SD) for 1, 3, and 3 months, respectively. Two patients
had metastases in the lung; one of them had been nephrectomized. The

other patient had bone metastases only. All patients with SD had a good
performance status (Karnofsky index 100%). The remaining ten patients
(79%) had shown evidence of progression while under treatment with
titanocenedichloride. The median survival time of all patients amounted
to 50 weeks, and the overall survival was 43% at 1 year. In eight patients
(57%) symptoms of nausea, vomiting, and weight loss occurred; three
of them suffered from grade 3 WHO toxicity and two patients, from
grade 2 toxicity. Subsequently, the dose of titanocene dichloride was
reduced to 75% of the original dose in two patients. There was no other
organ toxicity (Table 2). Four patients (29%) developed an increase
in serum creatinine concentration corresponding to WHO grade 2
toxicity (maximal 2.6 mg/dl) and three patients (21%) developed grade
1 toxicity. In regard to hematologic parameters and chemistry values of
liver function, nosignificant difference was detectable between baseline
levels and control values during the treatment. In conclusion TDC
produced responses in proportions too small to justify its use in single-
agent therapy.

Methoxy alkyl substituted titanocenes

Recently, some of us have reported the synthesis and the cytotoxic
activity of some titanocene derivatives, obtained replacing the aryl-
methoxylic group on cyclopentadienyl of titanocene Y with the ethenyl-
methoxy group, in order to have a stronger electron donor effect on
the cationic species responsible for the cytotoxic activity (Figure 19).
We also verified the influence of leaving ligands on the activity by
substituting chlorine atoms with dimethylamide, oxalate or aminoacid
groups [107]. It is worth noting that in [108], the highest cytotoxic
activity was reported for half-titanocene complex T,, compared to
titanocene complex T, titanocene Y and cis-platinum. Some of the
synthesized compounds showed a good cytotoxicity, in particular the
complexes bis-cyclopentadienyl-ethenylmethoxyl-titanium dichloride

Charecteristics Number of Patients

Eligible Patients 14
Sex

Male 11 (79%)
Female 3(21%)
Age(years)

Median (range) 60 (33-72)
Karnofsky index (%)

80 1(7%)
90 9 (64%)
100 4 (29%)
Nephrectomy 10 (71%)
Sites of metastatic disease

Lung 3(21%)
Lung and others 4 (29%)
Bone 4 (29%)
Lymph nodes 1(7%)
Local recurrence 2 (14%)

Table 1: Patients’ characteristics.

WHO grade
Side Effects " i m Total(%)
Loss of appetite 14 0 14 (100%)
Nausea/vomiting and weight loss 3 2 3 8 (57%)
Increase in Creatinine 3 4 7 (50%)

Table 2: WHO toxicity of treatment with titanocene dichloride (n=14).
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(titanocene Y); bis cyclopentadienyl-ethenylmethoxyl-titanium dichloride (T2)
and cyclopentadienyl-ethenylmethoxyltitanium trichloride (T1).

T, and cyclopentadienyl-ethenylmethoxyl-titanium trichloride T,
gave values very similar to cis-platin on MCF-7 cell lines, with the
IC,, comparable to the ones reported for titanocene Y. Moreover, the
half-titanocene complex T1 also showed a good cytotoxic activity,
comparable to that of cis-platin, on HEK-293 cells. The results of the
hydrolysis of our titanocenes showed unequivocally that the leaving
groups (Cl, N(CH,),, C,0, or glycine) significantly affect even the
hydrolysis rate of cyclopentadienyl groups, being chloride and oxalate
more stable [108]. Thus, the presence of substituents, aryl methoxy
group on cyclopentadienyl ring in titanocene Y or ethenyl-methoxy
group in titanocene complex T, or in the half-titanocene complex T1,
produces compounds having interesting cytotoxic activity. Although
generalizations regarding structure-activity relationships are not yet
clear, we could hypothesize that the neutral nucleophilic substituents
of cyclopentadienyl (aryl methoxy or ethenyl-methoxy group) could
intramolecularly coordinate to the titanium cation, thus preventing
decomposition reactions. On the other hand, this hypothesis was
suggested for analogous complexes able to give polymerization of
propene or styrene having microstructures strongly influenced by the
possible coordination of neutral substituent of cyclopentadienyl at the
metal center. As mentioned above, in the literature several examples
of titanocene-complexes showing cytotoxic activity were reported, but,
to the best of our knowledge, the cyclopentadienyl-ethenylmethoxyl-
titanium trichloride represents the first example of half-titanocene

complex with interesting cytotoxic activity under reduced pression.

Conclusion

The earliest reports on the therapeutic use of metals or metal-
containing compounds in cancer show an effective use in clinical
practice. They were forgotten until the 1960s, when the anti-tumour
activity of the inorganic complex cis-diammine-dichloroplatinum(II)
(cisplatin) was discovered. This led to the development of other types
of non-organic cytostatic drugs. Cisplatin has developed into one of
the most frequently used and most effective cytostatic drugs for the
treatment of solid carcinomas. Unresolved problems in platinum-
based anti-cancer therapy have stimulated increased research efforts
in the search for novel non platinum-containing metal species as
cytostatic agents. Preclinical and clinical investigations showed that
the development of new metal agents with modes of action different
from cisplatin is possible. Thus, complexes with iron, cobalt, or gold
central atoms have shown promising results in preclinical studies
and compounds with titanium, ruthenium, or Copper central atoms
have already been evaluated in phase I and phase II trials. Also, we
want propose the organo-metallic complex and modification as new

candidates in chemotherapy.

Acknowledgements

The authors are grateful to the University of Salerno for funding with funds

from the University FARB.

The authors would like to thank Massimiliano Spinelli Data Manager of S.S.D.

Sperimentazione animale, from ISTITUTO NAZIONALE PER LO STUDIO E LA
CURA DEI TUMORI “FONDAZIONE GIOVANNI PASCALE” — IRCCS - ITALIA, for

kind help in providing informatic assistance.

References

1.
2.

20.

21.

Sadler PJ (1991) Metallopharmaceuticals. Adv Inorg Chem 36: 1-48.

Sadler PJ (1991) Lectures in Bioinorganic Chemistry. Nicolini M, Sindellari L
(Eds) Cortina, Verona 1-24.

Abrams MJ, Murrer BA (1993) Metal compounds in therapy and diagnosis.
Science 261: 725-730.

Holm RH, Kennepohl P, Solomon EI (1996) Structural and Functional Aspects
of Metal Sites in Biology. Chem Rev 96: 2239-2314.

Hadizadeh S, Najafzadeh N, Mazani M, Amani M, Mansouri-Torshizi H, et al.
(2014) Cytotoxic Effects of Newly Synthesized Palladium(ll) Complexes of
Diethyldithiocarbamate on Gastrointestinal Cancer Cell Lines. Biochem Res
Int 2014: 813457.

Misset JL (1998) Oxaliplatin in practice. Br J Cancer 77 Suppl 4: 4-7.

Volarevic V, Vujic JM, Milovanovic M, Kanjevac T, Volarevic A, et al. (2013)
Cytotoxic effects of palladium (Il) and platinum (Il) complexes with O,0'-dialkyl
esters of (S,S)-ethylenediamine-N,N'-di-2-(4-methyl) pentanoic acid on human
colon cancer cell lines. J BUON 18: 131-137.

Flaherty KT, Stevenson JP, Redlinger M, Algazy KM, Giatonio B, et al. (2004)
A phase |, dose escalation trial of ZD0473, a novel platinum analogue, in
combination with gemcitabine. Cancer Chemother Pharmacol 53: 404-408.

Plasencia C, Abad A, Martinez-Balibrea E, Taron M (2004) Antiproliferative
effects of ZD0473 (AMD473) in combination with 5-fluorouracil or SN38 in
human colorectal cancer cell lines. Invest New Drugs 22: 399-409.

. Kelland LR, Abel G, McKeage MJ, Jones M, Goddard PM, et al. (1993) Preclinical

antitumor  evaluation of  bis-acetato-ammine-dichloro-cyclohexylamine
platinum(lV): an orally active platinum drug. Cancer Res 53: 2581-2586.

. Raynaud FI, Mistry P, Donaghue A, Poon GK, Kelland LR, et al. (1996)

Biotransformation of the platinum drug JM216 following oral administration to
cancer patients. Cancer Chemother Pharmacol 38: 155-162.

.Raynaud FI, Boxall FE, Goddard P, Barnard CF, Murrer BA, et al. (1996)

Metabolism, protein binding and in vivo activity of the oral platinum drug JM216
and its biotransformation products. Anticancer Res 16: 1857-1862.

.Deng QQ, Huang XE, Ye LH, Lu YY, Liang Y, et al. (2013) Phase Il trial of

Loubo® (Lobaplatin) and pemetrexed for patients with metastatic breast cancer
not responding to anthracycline or taxanes. Asian Pac J Cancer Prev 14: 413-
417.

. Pratesi G, Giuliani FC, Polizzi D, Righetti S, Manzotti C, et al. (1999) A novel

charged trinuclear platinum complex effective against cisplatin-resistant
tumours: hypersensitivity of p53-mutant human tumour xenografts. Br J Cancer
80: 1912-1919.

. Banerjee T, Dubey P, Mukhopadhyay R (2012) DNA compaction by mononuclear

platinum cancer drug cisplatin and the trisplatinum anticancer agent BBR3464:
Differences and similarities. Biochimie 94: 494-502.

.Khokhar AR, Albaker S, Brown T, Perez-Soler R (1991) Chemical and

biological studies on a series of lipid-soluble (trans-(R,R)- and -(S,S)-1,2-
diaminocyclohexane)platinum(ll) complexes incorporated in liposomes. J Med
Chem 34: 325-329.

. Sasmal PK, Streu CN, Meggers E (2013) Metal complex catalysis in living

biological systems. Chem Commun (Camb) 49: 1581-1587.

.Muhammad N, Guo Z (2014) Metal-based anticancer chemotherapeutic

agents. Curr Opin Chem Biol 19: 144-153.

. Ari F, Cevatemre B, Armutak El, Aztopal N, Yilmaz VT, et al. (2014) Apoptosis-

inducing effect of a palladium(ll) saccharinate complex of terpyridine on human
breast cancer cells in vitro and in vivo. Bioorg Med Chem 22: 4948-4954.

Butour JL, Wimmer S, Wimmer F, Castan P (1997) Palladium(ll) compounds
with potential antitumour properties and their platinum analogues: a comparative
study of the reaction of some orotic acid derivatives with DNA in vitro. Chem
Biol Interact 104: 165-178.

Mansuri-Torshizi H, Srivastava T, Parekh H, Chitnis M (1992) Synthesis,

Biochem Pharmacol
ISSN:2167-0501 BCPC, an open access journal

Volume 3 ¢ Issue 6 + 1000149


http://www.ncbi.nlm.nih.gov/pubmed/8102010
http://www.ncbi.nlm.nih.gov/pubmed/8102010
http://www.ncbi.nlm.nih.gov/pubmed/11848828
http://www.ncbi.nlm.nih.gov/pubmed/11848828
http://www.ncbi.nlm.nih.gov/pubmed/25147738
http://www.ncbi.nlm.nih.gov/pubmed/25147738
http://www.ncbi.nlm.nih.gov/pubmed/25147738
http://www.ncbi.nlm.nih.gov/pubmed/25147738
http://www.ncbi.nlm.nih.gov/pubmed/9647612
http://www.ncbi.nlm.nih.gov/pubmed/23613398
http://www.ncbi.nlm.nih.gov/pubmed/23613398
http://www.ncbi.nlm.nih.gov/pubmed/23613398
http://www.ncbi.nlm.nih.gov/pubmed/23613398
http://www.ncbi.nlm.nih.gov/pubmed/15129676
http://www.ncbi.nlm.nih.gov/pubmed/15129676
http://www.ncbi.nlm.nih.gov/pubmed/15129676
http://www.ncbi.nlm.nih.gov/pubmed/15292710
http://www.ncbi.nlm.nih.gov/pubmed/15292710
http://www.ncbi.nlm.nih.gov/pubmed/15292710
http://cancerres.aacrjournals.org/content/53/11/2581.full.pdf
http://cancerres.aacrjournals.org/content/53/11/2581.full.pdf
http://cancerres.aacrjournals.org/content/53/11/2581.full.pdf
http://www.ncbi.nlm.nih.gov/pubmed/8616906
http://www.ncbi.nlm.nih.gov/pubmed/8616906
http://www.ncbi.nlm.nih.gov/pubmed/8616906
http://www.ncbi.nlm.nih.gov/pubmed/8712713
http://www.ncbi.nlm.nih.gov/pubmed/8712713
http://www.ncbi.nlm.nih.gov/pubmed/8712713
http://www.ncbi.nlm.nih.gov/pubmed/23534764
http://www.ncbi.nlm.nih.gov/pubmed/23534764
http://www.ncbi.nlm.nih.gov/pubmed/23534764
http://www.ncbi.nlm.nih.gov/pubmed/23534764
http://www.ncbi.nlm.nih.gov/pubmed/10471039
http://www.ncbi.nlm.nih.gov/pubmed/10471039
http://www.ncbi.nlm.nih.gov/pubmed/10471039
http://www.ncbi.nlm.nih.gov/pubmed/10471039
http://www.ncbi.nlm.nih.gov/pubmed/21893159
http://www.ncbi.nlm.nih.gov/pubmed/21893159
http://www.ncbi.nlm.nih.gov/pubmed/21893159
http://www.ncbi.nlm.nih.gov/pubmed/1992134
http://www.ncbi.nlm.nih.gov/pubmed/1992134
http://www.ncbi.nlm.nih.gov/pubmed/1992134
http://www.ncbi.nlm.nih.gov/pubmed/1992134
http://www.ncbi.nlm.nih.gov/pubmed/23250079
http://www.ncbi.nlm.nih.gov/pubmed/23250079
http://www.ncbi.nlm.nih.gov/pubmed/24608084
http://www.ncbi.nlm.nih.gov/pubmed/24608084
http://www.ncbi.nlm.nih.gov/pubmed/25047941
http://www.ncbi.nlm.nih.gov/pubmed/25047941
http://www.ncbi.nlm.nih.gov/pubmed/25047941
http://www.ncbi.nlm.nih.gov/pubmed/9212782
http://www.ncbi.nlm.nih.gov/pubmed/9212782
http://www.ncbi.nlm.nih.gov/pubmed/9212782
http://www.ncbi.nlm.nih.gov/pubmed/9212782
http://www.ncbi.nlm.nih.gov/pubmed/1624936

Citation: Saturnino C, Arra C, Rea D, Bimonte S, Lappano R, et al. (2014) Organo-Metallic Compounds: Novel Molecules in Cancer Therapy. Biochem

Pharmacol 3: 149. doi:10.4172/2167-0501.1000149

Page 10 of 12

22.

2

w

24

25.

26.

27.

28.

29.

30.

3

=

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

spectroscopic, cytotoxic, and DNA binding studies of binuclear 2,2'-bipyridine-
platinum(ll) and palladium(ll) complexes of meso-alpha,alpha’-diaminoadipic
and meso-alpha,alpha’-diaminosuberic acids. J Inorg Biochem 45: 135-148.

Craciunescu DG, Scarcia V, Furlani A, Papaioannou A, Parrondo Iglesias
E, et al. (1991) Pharmacological and toxicological studies on new Rh(l)
organometallic complexes. In Vivo 5: 329-332.

. Carrara M, Berti T, D'Ancona S, Cherchi V, Sindellari L (1997) In vitro effect of

Pt and Pd mercaptopyridine complexes. Anticancer Res 17: 975-980.

.Tanaka M, Kataoka H, Yano S, Ohi H, Kawamoto K, et al. (2013) Anti-

cancer effects of newly developed chemotherapeutic agent, glycoconjugated
palladium (Il) complex, against cisplatin-resistant gastric cancer cells. BMC
Cancer 13:237.

Abu-Surrah AS, Al-Allaf TA, Rashan LJ, Klinga M, Leskela M (2002) Synthesis,
crystal structure and initial biological evaluation of the new enantiomerically pure
chiral palladium(ll) complex trans-bis[endo-(1R)-1,7,7-trimethylbicyclo[2.2.1]-
heptan-2-amino]palladium(ll)dichloride. Eur J Med Chem 37: 919-922.

Schmitt F, Govindaswamy P, Zava O, Suss-Fink G, Juillerat-Jeanneret L, et
al. (2009) Combined arene ruthenium porphyrins as chemotherapeutics and
photosensitizers for cancer therapy. J Biol Inorg Chem 14: 101-109.

Bergamo A, Gaiddon C, Schellens JH, Beijnen JH, Sava G (2012) Approaching
tumour therapy beyond platinum drugs: status of the art and perspectives of
ruthenium drug candidates. J Inorg Biochem 106: 90-99.

Wang F, Xu J, Habtemariam A, Bella J, Sadler PJ (2005) Competition between
glutathione and guanine for a ruthenium (ll) arene anticancer complex:
detection of a sulfenato intermediate. J Am Chem Soc 127: 17734-17743.

Schmitt F, Govindaswamy P, Siss-Fink G, Ang WH, Dyson PJ, et al. (2008)
Ruthenium porphyrin compounds for photodynamic therapy of cancer. J Med
Chem 51: 1811-1816.

Ronconi L, Sadler PJ (2008) Unprecedented carbon-carbon bond formation
induced by photoactivation of a platinum(IV)-diazido complex. Chem Commun
(Camb) : 235-237.

. Klajner M, Licona C, Fetzer L, Hebraud P, Mellitzer G, et al. (2014) Subcellular

localization and transport kinetics of ruthenium organometallic anticancer
compounds in living cells: a dose-dependent role for amino acid and iron
transporters. Inorg Chem 53:5150-5158.

Lin GJ, Jiang GB, Xie YY, Huang HL, Liang ZH, et al. (2013) Cytotoxicity,
apoptosis, cell cycle arrest, reactive oxygen species, mitochondrial membrane
potential, and Western blotting analysis of ruthenium(ll) complexes. J Biol Inorg
Chem 18:873-882.

Rudnev AV, Aleksenko SS, Semenova O, Hartinger CG, Timerbaev AR, et al.
(2005) Determination of binding constants and stoichiometries for platinum
anticancer drugs and serum transport proteins by capillary electrophoresis
using the Hummel-Dreyer method. J Sep Sci 28:121-127.

. Scharwitz MA, Oftt I, Gust R, Kromm A, Sheldrick WS (2008) Synthesis,

cellular uptake and structure-activity relationships for potent cytotoxic
trichloridoiridium(l1) polypyridyl complexes. J Inorg Biochem. 102:1623-1630.

Hillard E, Vessiéres A, Le Bideau F, Plazuk D, Spera D, et al. (2006) A series of
unconjugated ferrocenyl phenols: prospects as anticancer agents. Chem Med
Chem 1: 551-559.

Du KJ, Wang JQ, Kou JF, Li GY, Wang LL, et al. (2011) Synthesis, DNA-binding
and topoisomerase inhibitory activity of ruthenium(ll) polypyridyl complexes.
Eur J Med Chem 46: 1056-1065.

Gopal YN, Jayaraju D, Kondapi AK (1999) Inhibition of topoisomerase ||
catalytic activity by two ruthenium compounds: a ligand-dependent mode of
action. Biochemistry 38: 4382-4388.

Vashisht Gopal YN, Konuru N, Kondapi AK (2002) Topoisomerase Il antagonism
and anticancer activity of coordinated derivatives of [RuCl(2)(C(6)H(6))(dmso)].
Arch Biochem Biophys 401: 53-62.

Pamplin CB, Rettig SJ, Patrick BO, James BR (2003) Solution behavior and
structural diversity of bis(dialkylphosphino)methane complexes of palladium.
Inorg Chem 42: 4117-4126.

Wisniewski MZ, Wietrzyk J, Opolski A (2000) Novel Ru(lll), Rh(lll), Pd(ll)
and Pt(Il) complexes with ligands incorporating azole and pyrimidine rings. |.
Antiproliferative activity in vitro. Arch Immunol Ther Exp (Warsz) 48: 51-55.

Erkkila KE, Odom DT, Barton JK (1999) Recognition and reaction of

42.

4

w

44,

45.

46.

47.

48.

49.

50.

5

o

52.

5

w

54.

5

(3

56.

57.

58.

59.

metallointercalators with DNA. Chem Rev 99: 2777-2796.

Metcalfe C, Thomas JA (2003) Kinetically inert transition metal complexes that
reversibly bind to DNA. Chem Soc Rev 32: 215-224.

. Scolaro C, Bergamo A, Brescacin L, Delfino R, Cocchietto M, et al. (2005) In

vitro and in vivo evaluation of ruthenium(Il)-arene PTA complexes. J Med Chem
48:4161-4171.

Thati B, Noble A, Creaven BS, Walsh M, McCann M, et al. (2007) In vitro anti-
tumour and cyto-selective effects of coumarin-3-carboxylic acid and three of its
hydroxylated derivatives, along with their silver-based complexes, using human
epithelial carcinoma cell lines. Cancer Lett 248: 321-331.

Devereux M, McCann M, Shea D, Kelly R, Egan D, et al. (2004) Synthesis,
antimicrobial activity and chemotherapeutic potential of inorganic derivatives
of 2-(4'-thiazolyl)benzimidazole[thiabendazole]: X-ray crystal structures of
[Cu(TBZH)2CI]CI.H20.EtOH and TBZH2NO3 (TBZH=thiabendazole). J Inorg
Biochem 98: 1023-1031.

Deegan C, Coyle B, McCann M, Devereux M, Egan DA (2006) In vitro anti-
tumour effect of 1,10-phenanthroline-5,6-dione (phendione), [Cu(phendione)3]
(ClO4)2.4H20 and [Ag(phendione)2]CIO4 using human epithelial cell lines.
Chem Biol Interact 164: 115-125.

Deegan C, McCann M, Devereux M, Coyle B, Egan DA (2007) In vitro cancer
chemotherapeutic activity of 1,10-phenanthroline (phen), [Ag2(phen)3(mal)]
x2H20, [Cu(phen)2(mal)]x2H20 and [Mn(phen)2(mal)]x2H20 (malH2=malonic
acid) using human cancer cells. Cancer Lett 247: 224-233.

Gracia-Mora |, Ruiz-Ramirez L, Gomez-Ruiz C, Tinoco- Mendez M, Marquez-
Quinones A, et al. (2002) Knigth's Move in the Periodic Table, From Copper to
Platinum, Novel Antitumor Mixed Chelate Copper Compounds, Casiopeinas,
Evaluated by an in Vitro Human and Murine Cancer Cell Line Panel. Met Based
Drugs 8: 19-28.

De Vizcaya-Ruiz A, Rivero-Mueller A, Ruiz-Ramirez L, Kass G, Kelland L, et al.
(2000) Induction of apoptosis by a novel copper-based anticancer compound,
casiopeina Il, in L1210 murine leukaemia and CH1 human ovarian carcinoma
cells. Toxicol In Vitro 14:1-5.

Coyle B, Kinsella P, McCann M, Devereux M, O'Connor R, et al. (2004) Induction
of apoptosis in yeast and mammalian cells by exposure to 1,10-phenanthroline
metal complexes. Toxicol In Vitro 18: 63-70.

. Coyle B, Kavanagh K, McCann M, Devereux M, Geraghty M (2003) Mode

of anti-fungal activity of 1,10-phenanthroline and its Cu(ll), Mn(ll) and Ag(l)
complexes. Biometals 16: 321-329.

Marin-Hernandez A, Gracia-Mora |, Ruiz-Ramirez L, Moreno-Sanchez R
(2003) Toxic effects of copper-based antineoplastic drugs (Casiopeinas) on
mitochondrial functions. Biochem Pharmacol 65: 1979-1989.

. Hirohama T, Kuranuki Y, Ebina E, Sugizaki T, Arii H, et al. (2005) Copper(Il)

complexes of 1,10-phenanthroline-derived ligands: studies on DNA binding
properties and nuclease activity. J Inorg Biochem 99: 1205-1219.

Alvarez-Valdés A, Pérez JM, Lopez-Solera |, Lannegrand R, Continente JM, et
al. (2002) Preparation and characterization of platinum(ll) and (V) complexes
of 1,3-diaminepropane and 1,4-diaminebutane: circumvention of cisplatin
resistance and DNA interstrand cross-link formation in CH1cisR ovarian tumor
cells. J Med Chem 45:1835-1844.

. Kostova | (2009) Titanium and vanadium complexes as anticancer agents.

Anticancer Agents Med Chem 9: 827-842.

Lipponer KG, Vogel E, Keppler BK (1996) Synthesis, Characterization
and Solution Chemistry of trans-Indazoliumtetrachlorobis(Indazole)
Ruthenate(lll), a New Anticancer Ruthenium Complex. IR, UV, NMR, HPLC
Investigations and Antitumor Activity. Crystal Structures of trans-1-Methyl-
Indazoliumtetrachlorobis-(1-Methylindazole)Ruthenate(lll) and its Hydrolysis
Product trans-Monoaquatrichlorobis-(1-Methylindazole)-Ruthenate(lll). Met
Based Drugs 3: 243-260.

Caruso F, Rossi M (2004) Antitumor titanium compounds. Mini Rev Med Chem
4: 49-60.

Caruso F, Rossi M, Opazo C, Pettinari C (2005) Structural features of antitumor
titanium agents and related compounds. Bioinorg Chem Appl .

Caruso F, Rossi M, Tanski J, Sartori R, Sariego R, et al. (2000) Synthesis,
structure, and antitumor activity of a novel tetranuclear titanium complex. J Med
Chem 43: 3665-3670.

Biochem Pharmacol
ISSN:2167-0501 BCPC, an open access journal

Volume 3 ¢ Issue 6 + 1000149


http://www.ncbi.nlm.nih.gov/pubmed/1624936
http://www.ncbi.nlm.nih.gov/pubmed/1624936
http://www.ncbi.nlm.nih.gov/pubmed/1624936
http://www.ncbi.nlm.nih.gov/pubmed/1810417
http://www.ncbi.nlm.nih.gov/pubmed/1810417
http://www.ncbi.nlm.nih.gov/pubmed/1810417
http://www.ncbi.nlm.nih.gov/pubmed/9137437
http://www.ncbi.nlm.nih.gov/pubmed/9137437
http://www.biomedcentral.com/1471-2407/13/237
http://www.biomedcentral.com/1471-2407/13/237
http://www.biomedcentral.com/1471-2407/13/237
http://www.biomedcentral.com/1471-2407/13/237
http://www.ncbi.nlm.nih.gov/pubmed/12446051
http://www.ncbi.nlm.nih.gov/pubmed/12446051
http://www.ncbi.nlm.nih.gov/pubmed/12446051
http://www.ncbi.nlm.nih.gov/pubmed/12446051
http://www.ncbi.nlm.nih.gov/pubmed/18810507
http://www.ncbi.nlm.nih.gov/pubmed/18810507
http://www.ncbi.nlm.nih.gov/pubmed/18810507
http://www.ncbi.nlm.nih.gov/pubmed/22112845
http://www.ncbi.nlm.nih.gov/pubmed/22112845
http://www.ncbi.nlm.nih.gov/pubmed/22112845
http://www.ncbi.nlm.nih.gov/pubmed/16351102
http://www.ncbi.nlm.nih.gov/pubmed/16351102
http://www.ncbi.nlm.nih.gov/pubmed/16351102
http://www.ncbi.nlm.nih.gov/pubmed/18298056
http://www.ncbi.nlm.nih.gov/pubmed/18298056
http://www.ncbi.nlm.nih.gov/pubmed/18298056
http://www.ncbi.nlm.nih.gov/pubmed/18092098
http://www.ncbi.nlm.nih.gov/pubmed/18092098
http://www.ncbi.nlm.nih.gov/pubmed/18092098
http://www.ncbi.nlm.nih.gov/pubmed/24786362
http://www.ncbi.nlm.nih.gov/pubmed/24786362
http://www.ncbi.nlm.nih.gov/pubmed/24786362
http://www.ncbi.nlm.nih.gov/pubmed/24786362
http://www.ncbi.nlm.nih.gov/pubmed/23989405
http://www.ncbi.nlm.nih.gov/pubmed/23989405
http://www.ncbi.nlm.nih.gov/pubmed/23989405
http://www.ncbi.nlm.nih.gov/pubmed/23989405
http://www.ncbi.nlm.nih.gov/pubmed/18472166
http://www.ncbi.nlm.nih.gov/pubmed/18472166
http://www.ncbi.nlm.nih.gov/pubmed/18472166
http://www.ncbi.nlm.nih.gov/pubmed/16892391
http://www.ncbi.nlm.nih.gov/pubmed/16892391
http://www.ncbi.nlm.nih.gov/pubmed/16892391
http://www.ncbi.nlm.nih.gov/pubmed/21295892
http://www.ncbi.nlm.nih.gov/pubmed/21295892
http://www.ncbi.nlm.nih.gov/pubmed/21295892
http://www.ncbi.nlm.nih.gov/pubmed/10194357
http://www.ncbi.nlm.nih.gov/pubmed/10194357
http://www.ncbi.nlm.nih.gov/pubmed/10194357
http://www.ncbi.nlm.nih.gov/pubmed/12054487
http://www.ncbi.nlm.nih.gov/pubmed/12054487
http://www.ncbi.nlm.nih.gov/pubmed/12054487
http://www.ncbi.nlm.nih.gov/pubmed/12817970
http://www.ncbi.nlm.nih.gov/pubmed/12817970
http://www.ncbi.nlm.nih.gov/pubmed/12817970
http://www.ncbi.nlm.nih.gov/pubmed/10722233
http://www.ncbi.nlm.nih.gov/pubmed/10722233
http://www.ncbi.nlm.nih.gov/pubmed/10722233
http://www.ncbi.nlm.nih.gov/pubmed/11749500
http://www.ncbi.nlm.nih.gov/pubmed/11749500
http://www.ncbi.nlm.nih.gov/pubmed/12875027
http://www.ncbi.nlm.nih.gov/pubmed/12875027
http://www.ncbi.nlm.nih.gov/pubmed/15943488
http://www.ncbi.nlm.nih.gov/pubmed/15943488
http://www.ncbi.nlm.nih.gov/pubmed/15943488
http://www.ncbi.nlm.nih.gov/pubmed/16996681
http://www.ncbi.nlm.nih.gov/pubmed/16996681
http://www.ncbi.nlm.nih.gov/pubmed/16996681
http://www.ncbi.nlm.nih.gov/pubmed/16996681
http://www.ncbi.nlm.nih.gov/pubmed/15149811
http://www.ncbi.nlm.nih.gov/pubmed/15149811
http://www.ncbi.nlm.nih.gov/pubmed/15149811
http://www.ncbi.nlm.nih.gov/pubmed/15149811
http://www.ncbi.nlm.nih.gov/pubmed/15149811
http://www.ncbi.nlm.nih.gov/pubmed/17030029
http://www.ncbi.nlm.nih.gov/pubmed/17030029
http://www.ncbi.nlm.nih.gov/pubmed/17030029
http://www.ncbi.nlm.nih.gov/pubmed/17030029
http://www.ncbi.nlm.nih.gov/pubmed/16740357
http://www.ncbi.nlm.nih.gov/pubmed/16740357
http://www.ncbi.nlm.nih.gov/pubmed/16740357
http://www.ncbi.nlm.nih.gov/pubmed/16740357
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2365248/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2365248/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2365248/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2365248/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2365248/
http://www.ncbi.nlm.nih.gov/pubmed/10699355
http://www.ncbi.nlm.nih.gov/pubmed/10699355
http://www.ncbi.nlm.nih.gov/pubmed/10699355
http://www.ncbi.nlm.nih.gov/pubmed/10699355
http://www.ncbi.nlm.nih.gov/pubmed/14630063
http://www.ncbi.nlm.nih.gov/pubmed/14630063
http://www.ncbi.nlm.nih.gov/pubmed/14630063
http://www.ncbi.nlm.nih.gov/pubmed/12572690
http://www.ncbi.nlm.nih.gov/pubmed/12572690
http://www.ncbi.nlm.nih.gov/pubmed/12572690
http://www.ncbi.nlm.nih.gov/pubmed/12787878
http://www.ncbi.nlm.nih.gov/pubmed/12787878
http://www.ncbi.nlm.nih.gov/pubmed/12787878
http://www.ncbi.nlm.nih.gov/pubmed/15833344
http://www.ncbi.nlm.nih.gov/pubmed/15833344
http://www.ncbi.nlm.nih.gov/pubmed/15833344
http://www.ncbi.nlm.nih.gov/pubmed/11960495
http://www.ncbi.nlm.nih.gov/pubmed/11960495
http://www.ncbi.nlm.nih.gov/pubmed/11960495
http://www.ncbi.nlm.nih.gov/pubmed/11960495
http://www.ncbi.nlm.nih.gov/pubmed/11960495
http://www.ncbi.nlm.nih.gov/pubmed/18472901
http://www.ncbi.nlm.nih.gov/pubmed/18472901
http://www.ncbi.nlm.nih.gov/pubmed/18472901
http://www.ncbi.nlm.nih.gov/pubmed/18472901
http://www.ncbi.nlm.nih.gov/pubmed/18472901
http://www.ncbi.nlm.nih.gov/pubmed/18472901
http://www.ncbi.nlm.nih.gov/pubmed/18472901
http://www.ncbi.nlm.nih.gov/pubmed/14754443
http://www.ncbi.nlm.nih.gov/pubmed/14754443
http://www.ncbi.nlm.nih.gov/pubmed/18365107
http://www.ncbi.nlm.nih.gov/pubmed/18365107
http://www.ncbi.nlm.nih.gov/pubmed/11020280
http://www.ncbi.nlm.nih.gov/pubmed/11020280
http://www.ncbi.nlm.nih.gov/pubmed/11020280

Citation: Saturnino C, Arra C, Rea D, Bimonte S, Lappano R, et al. (2014) Organo-Metallic Compounds: Novel Molecules in Cancer Therapy. Biochem

Pharmacol 3: 149. doi:10.4172/2167-0501.1000149

Page 11 of 12

60.

6

=

62.

63.

64.

65.

66.

67.

68.

69.

70.

7

N

72.

73.

74.

75.

76.

77.

78.

79.

80.

8

=

82.

Christoforou AM, Marzilli PA, Marzilli LG (2006) The neglected Pt-N(sulfonamido)
bond in Pt chemistry. New fluorophore-containing Pt(ll) complexes useful for
assessing Pt(Il) interactions with biomolecules. Inorg Chem 45: 6771-6781.

. Kelter G, Sweeney NJ, Strohfeldt K, Fiebig HH, Tacke M (2005) In-vitro anti-

tumor activity studies of bridged and unbridged benzyl-substituted titanocenes.
Anticancer Drugs 16: 1091-1098.

Strohfeldt K, Tacke M (2008) Bioorganometallic fulvene-derived titanocene
anti-cancer drugs. Chem Soc Rev 37: 1174-1187.

Kruger N, Kleeberg UR, Mross K, Edler L, SaR G, et al. (2000) Towards new
therapy strategies. Onkologie 23: 60-62.

Limmen G, Sperling H, Luboldt H, Otto T, Riibben H (1998) Phase Il trial of
titanocene dichloride in advanced renal-cell carcinoma. Cancer Chemother
Pharmacol 42: 415-417.

Schilling T1, Keppler KB, Heim ME, Niebch G, Dietzfelbinger H, et al. (1996)
Clinical phase | and pharmacokinetic trial of the new titanium complex
budotitane. Invest New Drugs 13: 327-332.

Kopf H, Képf-Maier P (1979) Titanocene dichloride--the first metallocene with
cancerostatic activity. Angew Chem Int Ed Engl 18: 477-478.

Kopf-Maier P, Wagner W, Koépf H (1981) In vitro cell growth inhibition by
metallocene dichlorides. Cancer Chemother Pharmacol 5: 237-241.

Dubler E, Buschmann R, Schmalle HW (2003) Isomer abundance of bis(beta-
diketonato) complexes of titanium(IV). Crystal structures of the antitumor
compound budotitane [Ti(lV)(bzac)(2)(OEt)(2)] and of its dichloro-derivative
[Ti(IV)(bzac)(2)CI(2)] (bzac=1-phenylbutane-1,3-dionate). J Inorg Biochem 95:
97-104.

Harding MM, Mokdsi G (2000) Antitumour metallocenes: structure-activity
studies and interactions with biomolecules. Curr Med Chem 7: 1289-1303.

Valadares MC, Queiroz ML (2002) The effect of a Titanocene Dichloride
derivative, Ti IV (C5H5)(2) NCS(2), on the haematopoietic response of Ehrlich
tumour-bearing mice. Eur J Pharmacol 439: 35-42.

. Mokdsi G, Harding MM (1998) Antitumour Metallocenes: Effect of DMSO on

the Stability of Cp(2)TiX(2) and Implications for Anticancer Activity. Met Based
Drugs 5: 207-215.

Boyles JR, Bair MC, Campling BG, Jain N (2001) Enhanced anti-cancer
activities of some derivatives of titanocene dichloride. J Inorg Biochem 84: 159-
162.

Claffey J, Hogan M, Miller-Bunz H, Pampillén C, Tacke M (2008) Oxali-
titanocene Y: a potent anticancer drug. ChemMedChem 3: 729-731.

Fichtner I, Pampilléon C, Sweeney NJ, Strohfeldt K, Tacke M (2006) Anti-tumor
activity of Titanocene Y in xenografted Caki-1 tumors in mice. Anticancer Drugs
17: 333-336.

Goémez-Ruiz S, Hey-Hawkins E (2007) Oxidative cleavage of
tetraaryltetraphosphane-1,4-diides by nickel(Il) and palladium(ll): formation of
unusual Ni(0) and Pd(0) diaryldiphosphene complexes. Dalton Trans : 5678-
5683.

GA®mez-Ruiz S, KaluderoviAt GN, Prashar S, Polo-CerA®n D, Fajardo M,
et al. (2008) Cytotoxic studies of substituted titanocene and ansa-titanocene
anticancer drugs. J Inorg Biochem 102: 1558-1570.

Allen OR, Croll L, Gott AL, Knox RJ, McGowan PC (2004) Functionalized
Cyclopentadienyl Titanium Organometallic Compounds as New Antitumor
Drugs. Organometallics 23: 288-292.

Allen OR, Gott AL, Hartley JA, Hartley JM, Knox RJ, et al. (2007) Functionalised
cyclopentadienyl titanium compounds as potential anticancer drugs. Dalton
Trans : 5082-5090.

Causey PW, Baird MC, Cole SPC (2004) Synthesis, Characterization, and
Assessment of Cytotoxic Properties of a Series of Titanocene Dichloride
Derivatives Organometallics 23: 4486-4494.

Potter GD, Baird MC, Cole SPC (2007) A new series of titanocene dichloride
derivatives bearing cyclic alkylammonium groups: Assessment of their cytotoxic
properties. J Organomet Chem 692: 3508-3518.

. Gansauer A, Franke D, Lauterbach T, Nieger M (2005) A modular and efficient

synthesis of functional titanocenes. J Am Chem Soc 127: 11622-11623.

Muhiz K, Hévelmann CH, Campos-Gémez E, Barluenga J, Gonzalez JM, et

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

al. (2008) Intramolecular diamination of alkenes with palladium(ll)/copper(Il)
bromide and IPy2BF4: the role of halogenated intermediates. Chem Asian J
3:776-788.

Gansauer A, Winkler I, Worgull D, Lauterbach T, Franke D, et al. (2008)
Carbonyl-substituted titanocenes: a novel class of cytostatic compounds with
high antitumor and antileukemic activity. Chemistry 14: 4160-4163.

Caruso F, Pettinari C, Marchetti F, Natanti P, Phillips C, et al. (2007) Synthesis,
molecular structure (X-ray and DFT), and solution behavior of titanium 4-Acyl-5-
pyrazolonates. Correlations with related antitumor beta-diketonato derivatives.
Inorg Chem 46: 7553—-7560.

Knox RJ, Friedlos F, Lydall DA, Roberts JJ (1986) Mechanism of cytotoxicity
of anticancer platinum drugs: evidence that cis-diamminedichloroplatinum(ll)
and cis-diammine-(1,1-cyclobutanedicarboxylato)platinum(ll) differ only in the
kinetics of their interaction with DNA. Cancer Res 46: 1972-1979.

Ravera M, Cassino C, Monti E, Gariboldi M, Osella D (2005) Enhancement of
the cytotoxicity of titanocene dichloride by aging in organic co-solvent. J Inorg
Biochem 99: 2264-2269.

Kopf-Maier P, Krah D (1981) Intracellular distribution of titanium after treatment
with the antitumor agent titanocene dichloride: on electron energy loss
spectroscopic study. Naturwissenschaften 68: 273-274.

Kopf-Maier P, Wagner W, Liss E (1981) Cytokinetic behavior of Ehrlich ascites
tumor after in vivo treatment with cis-diamminedichloroplatinum(ll) and
metallocene dichlorides. J Cancer Res Clin Oncol 102: 21-30.

Képf-Maier P (1982) Development of necroses, virus activation and giant cell
formation after treatment of Ehrlich ascites tumor with metallocene dichlorides.
J Cancer Res Clin Oncol 103: 145-164.

McLaughlin ML, Cronan JM, Schaller TR, Snelling RD (1990) DNA-metal
binding by antitumor-active metallocene dichlorides from inductively coupled
plasma spectroscopy analysis: titanocene dichloride forms DNA-Cp2Ti or DNA-
CpTi adducts depending on pH. J Am ChemSoc 112: 8949-8952.

Wang Z, Namgoong SY, Zhang X, Harshey RM (1996) Kinetic and structural
probing of the precleavage synaptic complex (type 0) formed during phage
Mu transposition. Action of metal ions and reagents specific to single-stranded
DNA. J Biol Chem 271: 9619-9626.

Hogan M, Claffey J, Fitzpatrick E, Hickey T, Pampillén C, et al. (2008) Synthesis
and cytotoxicity studies of titanocene C analogues. Met Based Drugs 2008:
754358.

Mokdsi G, Harding MM (2001) Inhibition of human topoisomerase Il by the
antitumor metallocenes. J Inorg Biochem 83: 205-209.

Gomme PT, McCann KB, Bertolini J (2005) Transferrin: structure, function and
potential therapeutic actions. Drug Discov Today 10: 267-273.

Li H, Qian ZM (2002) Transferrin/transferrin receptor-mediated drug delivery.
Med Res Rev 22: 225-250.

Sun H, Li H, Sadler PJ (1999) Transferrin as a metal ion mediator. Chem Rev
99: 2817-2842.

GuoM,SunH, McArdleHJ, GamblingL, SadlerPJ (2000) Ti(lV) uptake and
release by human serum transferrin and recognition of Ti(lV)-transferrin by
cancer cells: understanding the mechanism of action of the anticancer drug
titanocene dichloride. Biochemistry 39: 10023-10033.

Guo M, Sun H, Bihari S, Parkinson JA, Gould RO, et al. (2000) Stereoselective
formation of seven-coordinate titanium(IV) monomer and dimer complexes of
ethylenebis(o-hydroxyphenyl)glycine. Inorg Chem 39: 206-215.

Sun H, Li H, Mason AB, Woodworth RC, Sadler PJ (1999) N-lobe versus C-lobe
complexation of bismuth by human transferrin. Biochem J 337: 105-111.

100.Tinoco AD, Valentine AM (2005) Ti(IV) binds to human serum transferrin more

tightly than does Fe(lll). J Am Chem Soc 127: 11218-11219.

101.Tinoco AD, Incarvito CD, Valentine AM (2007) Calorimetric, spectroscopic,

and model studies provide insight into the transport of Ti(IV) by human serum
transferrin. J Am Chem Soc 129: 3444-3454.

102.Gao LM, Hernandez R, Matta J, Meléndez E (2007) Synthesis, Ti(IV) intake by

apotransferrin and cytotoxic properties of functionalized titanocene dichlorides.
J Biol Inorg Chem 12: 959-967.

103.Perez Y, Lopez V, Rivera-RiveralL, CardonaA, MelendezE (2005) Water-

soluble titanocene complexes with sulfur-containing amino acids: synthesis,

Biochem Pharmacol
ISSN:2167-0501 BCPC, an open access journal

Volume 3 ¢ Issue 6 + 1000149


http://www.ncbi.nlm.nih.gov/pubmed/16903734
http://www.ncbi.nlm.nih.gov/pubmed/16903734
http://www.ncbi.nlm.nih.gov/pubmed/16903734
http://www.ncbi.nlm.nih.gov/pubmed/16222151
http://www.ncbi.nlm.nih.gov/pubmed/16222151
http://www.ncbi.nlm.nih.gov/pubmed/16222151
http://www.ncbi.nlm.nih.gov/pubmed/18497930
http://www.ncbi.nlm.nih.gov/pubmed/18497930
http://www.ncbi.nlm.nih.gov/pubmed/9771957
http://www.ncbi.nlm.nih.gov/pubmed/9771957
http://www.ncbi.nlm.nih.gov/pubmed/9771957
http://www.ncbi.nlm.nih.gov/pubmed/8824351
http://www.ncbi.nlm.nih.gov/pubmed/8824351
http://www.ncbi.nlm.nih.gov/pubmed/8824351
http://www.ncbi.nlm.nih.gov/pubmed/111586
http://www.ncbi.nlm.nih.gov/pubmed/111586
http://www.ncbi.nlm.nih.gov/pubmed/7261252
http://www.ncbi.nlm.nih.gov/pubmed/7261252
http://www.ncbi.nlm.nih.gov/pubmed/12763653
http://www.ncbi.nlm.nih.gov/pubmed/12763653
http://www.ncbi.nlm.nih.gov/pubmed/12763653
http://www.ncbi.nlm.nih.gov/pubmed/12763653
http://www.ncbi.nlm.nih.gov/pubmed/12763653
http://www.ncbi.nlm.nih.gov/pubmed/11032972
http://www.ncbi.nlm.nih.gov/pubmed/11032972
http://www.ncbi.nlm.nih.gov/pubmed/11937090
http://www.ncbi.nlm.nih.gov/pubmed/11937090
http://www.ncbi.nlm.nih.gov/pubmed/11937090
http://www.ncbi.nlm.nih.gov/pubmed/18475845
http://www.ncbi.nlm.nih.gov/pubmed/18475845
http://www.ncbi.nlm.nih.gov/pubmed/18475845
http://www.ncbi.nlm.nih.gov/pubmed/11330477
http://www.ncbi.nlm.nih.gov/pubmed/11330477
http://www.ncbi.nlm.nih.gov/pubmed/11330477
http://www.ncbi.nlm.nih.gov/pubmed/18186097
http://www.ncbi.nlm.nih.gov/pubmed/18186097
http://www.ncbi.nlm.nih.gov/pubmed/16520662
http://www.ncbi.nlm.nih.gov/pubmed/16520662
http://www.ncbi.nlm.nih.gov/pubmed/16520662
http://www.ncbi.nlm.nih.gov/pubmed/18060112
http://www.ncbi.nlm.nih.gov/pubmed/18060112
http://www.ncbi.nlm.nih.gov/pubmed/18060112
http://www.ncbi.nlm.nih.gov/pubmed/18060112
http://www.ncbi.nlm.nih.gov/pubmed/18353439
http://www.ncbi.nlm.nih.gov/pubmed/18353439
http://www.ncbi.nlm.nih.gov/pubmed/18353439
http://dialnet.unirioja.es/servlet/articulo?codigo=790461
http://dialnet.unirioja.es/servlet/articulo?codigo=790461
http://dialnet.unirioja.es/servlet/articulo?codigo=790461
http://www.ncbi.nlm.nih.gov/pubmed/17992293
http://www.ncbi.nlm.nih.gov/pubmed/17992293
http://www.ncbi.nlm.nih.gov/pubmed/17992293
http://dialnet.unirioja.es/servlet/articulo?codigo=983826
http://dialnet.unirioja.es/servlet/articulo?codigo=983826
http://dialnet.unirioja.es/servlet/articulo?codigo=983826
http://www.sciencedirect.com/science/article/pii/S0022328X07003063
http://www.sciencedirect.com/science/article/pii/S0022328X07003063
http://www.sciencedirect.com/science/article/pii/S0022328X07003063
http://www.ncbi.nlm.nih.gov/pubmed/16104737
http://www.ncbi.nlm.nih.gov/pubmed/16104737
http://www.ncbi.nlm.nih.gov/pubmed/18357591
http://www.ncbi.nlm.nih.gov/pubmed/18357591
http://www.ncbi.nlm.nih.gov/pubmed/18357591
http://www.ncbi.nlm.nih.gov/pubmed/18357591
http://www.ncbi.nlm.nih.gov/pubmed/18384037
http://www.ncbi.nlm.nih.gov/pubmed/18384037
http://www.ncbi.nlm.nih.gov/pubmed/18384037
http://www.ncbi.nlm.nih.gov/pubmed/17691769
http://www.ncbi.nlm.nih.gov/pubmed/17691769
http://www.ncbi.nlm.nih.gov/pubmed/17691769
http://www.ncbi.nlm.nih.gov/pubmed/17691769
http://www.ncbi.nlm.nih.gov/pubmed/3512077
http://www.ncbi.nlm.nih.gov/pubmed/3512077
http://www.ncbi.nlm.nih.gov/pubmed/3512077
http://www.ncbi.nlm.nih.gov/pubmed/3512077
http://www.ncbi.nlm.nih.gov/pubmed/16209887
http://www.ncbi.nlm.nih.gov/pubmed/16209887
http://www.ncbi.nlm.nih.gov/pubmed/16209887
http://www.ncbi.nlm.nih.gov/pubmed/7242687
http://www.ncbi.nlm.nih.gov/pubmed/7242687
http://www.ncbi.nlm.nih.gov/pubmed/7242687
http://www.ncbi.nlm.nih.gov/pubmed/7199526
http://www.ncbi.nlm.nih.gov/pubmed/7199526
http://www.ncbi.nlm.nih.gov/pubmed/7199526
http://www.ncbi.nlm.nih.gov/pubmed/7096436
http://www.ncbi.nlm.nih.gov/pubmed/7096436
http://www.ncbi.nlm.nih.gov/pubmed/7096436
http://pubs.acs.org/doi/abs/10.1021/ja00180a046
http://pubs.acs.org/doi/abs/10.1021/ja00180a046
http://pubs.acs.org/doi/abs/10.1021/ja00180a046
http://pubs.acs.org/doi/abs/10.1021/ja00180a046
http://www.ncbi.nlm.nih.gov/pubmed/8621637
http://www.ncbi.nlm.nih.gov/pubmed/8621637
http://www.ncbi.nlm.nih.gov/pubmed/8621637
http://www.ncbi.nlm.nih.gov/pubmed/8621637
http://www.ncbi.nlm.nih.gov/pubmed/18274663
http://www.ncbi.nlm.nih.gov/pubmed/18274663
http://www.ncbi.nlm.nih.gov/pubmed/18274663
http://www.ncbi.nlm.nih.gov/pubmed/11237260
http://www.ncbi.nlm.nih.gov/pubmed/11237260
http://www.ncbi.nlm.nih.gov/pubmed/15708745
http://www.ncbi.nlm.nih.gov/pubmed/15708745
http://www.ncbi.nlm.nih.gov/pubmed/11933019
http://www.ncbi.nlm.nih.gov/pubmed/11933019
http://www.ncbi.nlm.nih.gov/pubmed/11749502
http://www.ncbi.nlm.nih.gov/pubmed/11749502
http://www.ncbi.nlm.nih.gov/pubmed/10955990
http://www.ncbi.nlm.nih.gov/pubmed/10955990
http://www.ncbi.nlm.nih.gov/pubmed/10955990
http://www.ncbi.nlm.nih.gov/pubmed/10955990
http://www.ncbi.nlm.nih.gov/pubmed/11272527
http://www.ncbi.nlm.nih.gov/pubmed/11272527
http://www.ncbi.nlm.nih.gov/pubmed/11272527
http://www.ncbi.nlm.nih.gov/pubmed/9854031
http://www.ncbi.nlm.nih.gov/pubmed/9854031
http://www.ncbi.nlm.nih.gov/pubmed/16089431
http://www.ncbi.nlm.nih.gov/pubmed/16089431
http://www.ncbi.nlm.nih.gov/pubmed/17315875
http://www.ncbi.nlm.nih.gov/pubmed/17315875
http://www.ncbi.nlm.nih.gov/pubmed/17315875
http://www.ncbi.nlm.nih.gov/pubmed/17566797
http://www.ncbi.nlm.nih.gov/pubmed/17566797
http://www.ncbi.nlm.nih.gov/pubmed/17566797
http://www.ncbi.nlm.nih.gov/pubmed/15619089
http://www.ncbi.nlm.nih.gov/pubmed/15619089

Citation: Saturnino C, Arra C, Rea D, Bimonte S, Lappano R, et al. (2014) Organo-Metallic Compounds: Novel Molecules in Cancer Therapy. Biochem

Pharmacol 3: 149. doi:10.4172/2167-0501.1000149

Page 12 of 12

spectroscopic, electrochemical and Ti (IV)-transferrin interaction studies. J
Biol Inorg Chem10: 94-104.

104.Hernandez R, Lamboy J, Gao LM, Matta J, Roman FR, et al. (2008) Structure-
activity studies of Ti(IV) complexes: aqueous stability and cytotoxic properties
in colon cancer HT-29 cells. J Biol Inorg Chem 13: 685-692.

105.Tinoco AD, Eames EV, Valentine AM (2008) Reconsideration of serum Ti(IV)
transport: albumin and transferrin trafficking of Ti(IV) and its complexes. J Am
Chem Soc 130: 2262-2270.

106.Claffey J, Deally A, Gleeson B, Hogan M, Méndez LM, et al. (2009) Pseudo-
halide derivatives of titanocene: synthesis and cytotoxicity studies. Metallomics
1: 511-517.

107.Miller AB, Hoogstraten B, Staquet M, Winkler A (1981) Reporting results of
cancer treatment. Cancer 47: 207-214.

108.Napoli M, Saturnino C, Sirignano E, Popolo A, Pinto A, et al. (2011) Synthesis,
characterization and cytotoxicity studies of methoxy alkyl substituted
metallocenes. Eur J Med Chem 46: 122-128.

109.Gao E, Guan F, Gao X, Zhu M, Liu L, et al. (2012) Novel palladium(ll)
complexes containing a sulfur ligand: structure and biological activity on HeLa
cells. J Biol Inorg Chem 17: 263-274.

110.Ramos G, Loperena Y, Ortiz G, Reyes F, Szeto A, et al. (2014) The addition
of a pregnenolone pendant group enhances the anticancer properties of
titanocene dichloride in a mcf-7 xenograft model. Anticancer Res 34:1609-
1615.

Biochem Pharmacol
ISSN:2167-0501 BCPC, an open access journal

Volume 3 ¢ Issue 6 + 1000149


http://www.ncbi.nlm.nih.gov/pubmed/15619089
http://www.ncbi.nlm.nih.gov/pubmed/15619089
http://www.ncbi.nlm.nih.gov/pubmed/18288505
http://www.ncbi.nlm.nih.gov/pubmed/18288505
http://www.ncbi.nlm.nih.gov/pubmed/18288505
http://www.ncbi.nlm.nih.gov/pubmed/18225897
http://www.ncbi.nlm.nih.gov/pubmed/18225897
http://www.ncbi.nlm.nih.gov/pubmed/18225897
http://www.ncbi.nlm.nih.gov/pubmed/21305159
http://www.ncbi.nlm.nih.gov/pubmed/21305159
http://www.ncbi.nlm.nih.gov/pubmed/21305159
http://www.ncbi.nlm.nih.gov/pubmed/7459811
http://www.ncbi.nlm.nih.gov/pubmed/7459811
http://www.ncbi.nlm.nih.gov/pubmed/21094563
http://www.ncbi.nlm.nih.gov/pubmed/21094563
http://www.ncbi.nlm.nih.gov/pubmed/21094563
http://www.ncbi.nlm.nih.gov/pubmed/21986997
http://www.ncbi.nlm.nih.gov/pubmed/21986997
http://www.ncbi.nlm.nih.gov/pubmed/21986997
http://www.ncbi.nlm.nih.gov/pubmed/24692689
http://www.ncbi.nlm.nih.gov/pubmed/24692689
http://www.ncbi.nlm.nih.gov/pubmed/24692689
http://www.ncbi.nlm.nih.gov/pubmed/24692689

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Anticancer Agents: Platinum 
	Clinical Platinum Complexes 
	Palladium Complexes as Alternative Potential Antitumor Agents 
	Trans-Palladium (II) Complexes Containing Bulky Monodentate Ligands  
	Ruthenium (II & III) Complexes as Antitumor Agents  
	Copper Complexes as Antitumor Agents  
	Anticancer Agents: Titanium Complexes 
	Mechanistic Aspects of Biological Activity of TDC and Budotitane  
	Phase II trial of titanocene dichloride in advanced renal-cell carcinoma 
	Methoxy alkyl substituted titanocenes 

	Conclusion
	Acknowledgements
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Figure 13
	Figure 14
	Figure 15
	Figure 16
	Figure 17
	Figure 18
	Figure 19
	Table 1
	Table 2
	References

