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In this paper we overview our studies on amine-phenolato
Ti'V complexes as cytotoxic agents, in the context of the re-
sults reported thus far with titanocene dichloride, budotitane
and derivatives. In particular, we emphasize the studies
about the structure-activity relationship performed and im-
portant insights gained with the known compounds and our
complexes, in regards to their hydrolytic behavior and cyto-
toxic activity, while pointing to potential mechanistic aspects.
Titanocene dichloride and budotitane show cytotoxic activity
towards cells that are resistant to cisplatin with reduced side
effects. Their main drawback is their hydrolytic instability
that has impeded mechanistic investigations and pharma-
ceutical use. Our new family of cytotoxic complexes was de-
signed to include a single highly electron-donating chelating
ligand to afford octahedral Ti'V complexes of relatively high

hydrolytic stability, with the aim to retain ligand binding
throughout the biological activity for achieving controlled
processes and allowing mechanistic evaluation. The effect of
several parameters on hydrolysis and cytotoxicity were in-
vestigated, including those relating to the tetradentate ligand
and those relating to the labile groups. Overall we observed
high cytotoxic activity that is strongly dependent on the li-
gand, and which is strongly correlated to the complex hydro-
lytic behavior. Additional mechanistic studies provide in-
sights regarding the time frame of activity and cell penetra-
tion. Some comparisons to titanocene dichloride, budotitane
and analogues are highlighted.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Despite significant progress in the treatment of cancer,
new therapeutics are continuously sought for due to the in-
tractability of certain types of tumors. Cisplatin,!'#! discov-
ered in 1969, was the first inorganic cancer chemotherapeu-
tic agent, and remains a front-line treatment for testicular
and ovarian cancers. Cisplatin operates by chelate binding
to DNA following the hydrolysis of the two more labile li-
gands, the chloro groups. Following its discovery, there has
been considerable exploration of the anti-cancer properties
of other transition metal complexes.>'”l Among the metals
studied to date — which comprise much of the periodic
table — complexes of titanium have shown particular prom-
ise due to high activity against tumors that are resistant to
cisplatin combined with low toxicity.l'3!8-28] In particular,
the titanium complexes bis(cyclopentadienide)titanium di-
chloride (Cp,TiCl,, titanocene dichloride, 1) and cis-di-
ethoxybis(1-phenylbutane-1,3-dionato)titanium(IV) [(bzac),-
Ti(OEt),, budotitane, 2] (Scheme 1) stand out as the first
metal-based chemotherapeutics to reach Phase I clinical tri-
als since the development of cisplatin. Although both 1 and
2 showed promise in these preliminary studies, 1 has not
progressed beyond Phase IT due to its low efficacy vs. toxi-
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city ratio,[?*3% and 2 has not progressed past Phase 1 due
to formulation problems.*!l These difficulties have spurred
the development of titanium complexes that display higher
potency and hydrolytic stability. The purpose of this over-
view is to highlight some particular developments in the
field of cytotoxic Ti'V complexes, while discussing recent
work aimed toward uncovering the biological mechanism
of action of these complexes, which remains mysterious.
Consequently we will describe, in this context, some of the
work that has been developed in our laboratory on a new
family of complexes that does not include cyclopentadien-
ide- or diketonato-based ligands with particular emphasis
on the relation between cytotoxicity and hydrolysis.
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Scheme 1.

The strong cytotoxic activity of 1 against implanted Ehr-
lich ascites tumors (EAT) in mice was reported in 1979
where cure rates greater than 80% were observed with little
of the heavy-metal toxicity observed with cisplatin.?? In
subsequent studies the authors reported the key observation
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that while 1 and vanadocene dichloride displayed similar
activities against EAT in-vivo, the cytotoxicity of 1 was ca.
100 times less than that for vanadocene dichloride in-vi-
tro.33 The reason for this drop in activity was hypothesized
to be due to the hydrolytic instability of 1, which rapidly
forms insoluble aggregates in aqueous solution with event-
ual formation of TiO,, a feature that is known to occur
with many Ti'V complexes due to their electron-poor and
oxophilic nature. A detailed study of the hydrolytic behavior
of 1 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 #;,, of ca.
50 min, while hydrolysis of the Cp ligands is slower (7,
ca. 54 h).34 In contrast, vanadocene dichloride was stable
toward hydrolysis at pH 7, which likely explains the differ-
ence 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 1, MKT-4,
which has allowed for its intravenous administration during
clinical trials.[3™

The anticancer properties of Budotitane (2) were first re-
ported in 1982.53¢1 It possesses activity towards animal tu-
mors such as EAT and colon tumors.l'?-21-311 When examin-
ing its hydrolysis, addition of 2 to neat water resulted in a
suspension where the complex remained completely unde-
composed.[>!l However, if water was added to a solution of
2 in methanol or acetonitrile, rapid hydrolysis ensued. The
half-life for hydrolysis of the ethoxy groups in water was
calculated as 71, = 20 s, while hydrolysis of the diketonato
ligand in acetonitrile/water solutions of 2 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 2 exists as the cis isomer.l?!]
MM3 studies suggest that the predominance of the cis com-
pound 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 2 can potentially give rise to three
sets of enantiomeric cis complexes. In CDCIl; solution at
23 °C, 2 exists as a 4:1 mixture of two cis isomers. The rela-
tive cytotoxicity of these two compounds has not been in-
vestigated, although the crystal structure of one of them
has been determined.3”]

Structure—Activity Relationships of Titanocene Dichloride
(1) and Related Compounds

Considerable work has been performed in developing
therapeutic analogues of 1 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.[>-12-20-38 Sybstitution
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 ac-
tivity. For example, titanocenes of the general formula
Cp,TiX, (X = Cl, Br, NCS, maleate, O,CCls) all achieved
cure rates of 100% in mice with fluid EAT, consistent with
the hypothesis that the cytotoxic Ti'" species is generated
from displacement of the labile halide ligands in 1.3%4% 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, al-
though further work needs to be done to establish this
mechanism.

Substitution of one of the hydrogen atoms of the Cp li-
gand by R [R = Et (3), R = Si(CH3); (4)] (Scheme 2) was
reported to reduce cure rates of mice with fluid EAT to 60—
80%, while substitution of both Cp ligands by R reduced
cure rates dramatically to 10-30%.131 Pentamethyl-substi-
tuted 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
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is uncertain. Studies on the hydrolytic behavior of the meth-
ylated metallocene compound (CsH4Me),TiCl, (5; CsHsMe
= l-methylcyclopentadienide) complexes (Scheme 2) re-
vealed that the CpMe ligands were less readily hydrolyzed
than 1 at physiological pH. Furthermore, when the chloride
ligands were replaced with glycine in this system 6
(Scheme 2), water-soluble complexes with high stability at
physiological pH were obtained. The complexes were ob-
served to form stable complexes with nucleotides at pH 7,
although further biological studies were not reported.[*!]
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Scheme 2.

Substitution of the Cp ring by electron-poor substituents
(R = CO,Me 7) (Scheme 2) was reported to lead to in-
creased cytotoxicity in a human small-cell lung-cancer cell
line but revealed little cytotoxicity towards a number of
other cells studied.*?! The latter may be explained by re-
duced hydrolytic stability due to decreased ligand-to-metal
electron donation.

A large number of titanocene analogues containing aro-
matic groups appended to the Cp ligand have also been
synthesized.”®! Although generalizations regarding struc-
ture—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 (8)
(Scheme 3), was found to have good activity against renal
cell cancer. Interestingly, the oxalato complex 9 (Scheme 3),
possessing a substantially less labile chelating ligand in re-
placement of the chloro groups, was reported to have a 13-
fold increase in activity relative to 8 during in-vitro studies
against the LLC-PK cell line,*3! yet in-vivo studies showed
almost identical activity to 8.4 Although the hydrolysis
behavior of 8 and 9 was not studied in detail, it is possible
that differences in the ICs, values of 8 and 9 obtained in-
vitro may in fact reflect the greater hydrolytic stability of 9.
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 (10, Scheme 3), although other
ansa-metallocene complexes studied recently revealed
promising activity.*3-46]

MeO
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Scheme 3.

Several attempts have been made to improve the aqueous
solubility of 1 through appendage of polar side chains to
the Cp ligands. For example, titanocenes with alkylammo-
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nium hydrochloride moieties afforded improved aqueous
solubility. Compound 11 (Scheme 4) showed good activity
against both A2780 and the cisplatin-resistant A2780/CP
cell lines.*”] Interestingly, an analogue of 11 with a bulkier
Cp ligand (12, Scheme 4) possessed comparable cytotoxi-
city.[*8] Concurrently, in a parallel study, a significant
number of similar alkylammonium complexes were synthe-
sized and their in-vitro cytotoxic properties assessed against
AS549, H209, and A2780 cell lines in direct comparison with
the water soluble preparation of 1, MKT-4.14! In initial
studies, an intriguing difference in cytotoxicity was found
between bis(alkylammonium)cyclopentadienide complexes
and those containing a single alkylammonium Cp ligand.
Subsequent studies on related complexes, however, have
found that this “bis(alkylammonium)” effect is not neces-
sarily general.[>”]
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Scheme 4.

A number of cationic, water-soluble derivatives of 1 have
been prepared through incorporation of an ester or a sec-
ondary amide on to the Cp ligand.’'->?1 By employing an
acylation reaction, a diverse array of amide and ester-con-
taining titanocenes were synthesized. In-vitro studies of
complexes with the general structure 14 (Scheme 5) showed
good activity against BIAB (leukemia)cell lines.>3! Notably,
complex 15 (Scheme 5) possesses a fluorescent aminopyrene
unit which may be of potential application in studies on the
biological activity mechanism.
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Scheme 5.

Structure—Activity Relationships of Budotitane (2) and
Related Compounds

The structure—activity information gleaned from the syn-
thesis of >200 derivatives of budotitane (2) with the general
formula Do,MX, (D = 1,3 dicarbonyl; M = metal; X = labile
ligand) and their activity against the sarcoma 180 ascitic
tumor model were reported.?'l Among the metals investi-
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Scheme 6.

gated, 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 = F, Br, Cl, OEt), although the OEt
group was eventually chosen due to its greater hydrolytic
stability. Among the 1,3-dicarbonyl groups studied, acetyl-
acetonato (acac) compounds possessed very low activity,
while optimal antitumor activity was found for the benzoyl-
acetonato (bzac) ligand. Incorporation of electron-with-
drawing (Cl, NO,) or donating (OMe) groups on the aro-
matic ring had a slightly deleterious effect upon the ob-
served activity, as did the replacement of phenyl for terz-
butyl, although considerable cytotoxicity was retained.

The cytotoxicity of structurally related mononuclear
and polynuclear titanium(IV) 4-acyl-5-pyrazolonato (16
Scheme 6) species that are structurally related to 2 were ex-
plored.l?*# The cytotoxicity of a tetranuclear species 17
(Scheme 6) was encapsulated in a liposome due to insuf-
ficient water solubility and found to display cytotoxicity
against TA-3 and HEP-2 cell lines in-vitro. Synthetic studies
found that selectivity for mononuclear 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 (Scheme 6) in anhydrous
[D¢]benzene formed a highly stable species that was hy-
pothesized to be hydrolyzed oxo-bridged oligomers retain-
ing the chelating ligand within 15 min, unlike the observa-
tions with budotitane.*!

Comparison of the Biological Profiles of Titanocene
Dichloride (1) and Budotitane (2)

In general, the biological activity profiles of 1 and 2 show
many congruencies. When in-vivo studies are compared, 1
and 2 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 1 and 2. Both
compounds hydrolyze easily, and require galenic prepara-
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tions with water-soluble ligands in order to impart water
solubility and stability. Additionally, both complexes con-
tain a set of aromatic ligands that undergo hydrolysis under
physiological conditions within several hours. The observa-
tion that 1 and 2 do not exert their maximal cytotoxic ef-
fects 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.>! In addition, the ob-
servation that 1 possess enhanced cytotoxicity following
aging in certain organic co-solventsP® raises questions re-
garding the particular lability required of active complexes.

While a number of detailed biological studies have been
performed on 1, analogous biological studies for 2 are
largely absent. Although it is reasonable to hypothesize that
1 and 2 share a common mechanism of action, too little is
known at this stage to draw definite conclusions. The fol-
lowing section will attempt to summarize what is currently
known about the mode of action of these cytotoxic titanium
complexes.

Mechanistic Aspects of Biological Activity

Early hypotheses that 1 share a mechanism of action
with cisplatin®?l have been challenged by the efficacy of 1
against cisplatin-resistant cell lines, as well as by the dispa-
rate chemical behavior of “hard”, hydrolytically unstable
Cp,TiCl, with “soft”, water soluble CI,Pt(NHj3), observed
in aqueous solution under physiological conditions.** Nu-
cleic acid metabolism appears to be disturbed by titanocene
complexes. Analysis of the intracellular localization of tita-
nium after treatment of 1 found titanium accumulation in
cellular regions rich in nucleic acids.’”! Interestingly, while
cisplatin immediately causes cessation of DNA-metabolic
activity, 1 does not affect cell transit through the S phase
but cells are irreversibly unable to perform mitosis.*8 It has
been concluded that the three main phenomena observed
in cells after treatment with 1 — specifically, the formation
of giant cells, the activation of endogenous viruses, and the
development of cellular necrosis — are all consistent with an
interaction of 1 with intracellular DNA.F! Adducts of 1
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(Cp,Ti-DNA and CpTi-DNA) with calf thymus DNA has
been detected spectroscopically,’® as was also supported by
model studies with particular nucleotides.!l The specific
interaction of the active titanium species with DNA re-
mains unclear, although an interaction with the phosphate
backbone has been proposed.l®?! As far as budotitane (2) is
concerned, the contribution of the aromatic diketonato li-
gand toward higher cytotoxicity has led to hypotheses in-
volving DNA intercalation.?!> However, in light of the
considerable activity retained when CgHs is replaced by
tert-butyl, the uncertain nature of the active species, and the
paucity of biological studies on 2, this proposal remains
speculative.

Another work described the interaction of 1 with topo-
isomerase II, an enzyme catalyzing the opening and re-
joining of the DNA phosphate backbone during the cell
cycle. Compound 1 was reported to be a potent inhibitor of
topoisomerase II, which may also lead to antiproliferative
effects.[0?]

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 tita-
nium 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 Ga''' and Ru'! to cancer
cells,[®*¢71 it has been proposed that transferrin (Tr) is re-
sponsible for uptake of titanium from the intercellular me-
dium.1%7-%%1 Transferrin, the 80 kDa protein responsible for
iron transport into cells, is present in the intercellular me-
dium at a concentration of ca. 35 um and contains two
metal binding domains that are about 30% saturated with
Fel in blood plasma. Additional studies have shown that
Ti'V binds more strongly to human serum transferrin than
does Fe''.70711 UV/Vis and 'H NMR studies support the
conclusion that 1 as [Cp,Ti(citrate),] binds to transferrin
with complete hydrolysis of the Cp ligands. After reaction
with transferrin for 30 min at pH 7, '"H NMR signals attrib-
uted to bound Cp in 1 disappeared, replaced by resonances
characteristic of free cyclopentadiene. Interestingly, at low
pH (<5.5) titanium was released from Ti,Tr to bind to
ATP. In this mechanism, 1, or its analogues,’>73 could
possibly serve as a pro-drug, with the ligands protecting the
titanium center from hydrolysis into titanium dioxide in the
intercellular medium. Although 1 is completely hydrolyzed
by transferrin in the presence of added citrate, the binding
of transferrin to the potentially oxo-bridged hydrolysis
products of 1 may occur with different rates and/or selec-
tivities. It is also noteworthy, however, that no such observa-
tions were reported for 2 or its derivatives. In addition, the
water-stable tetranuclear titanium complex 20 based on the
diketonato analogue maltol ligand 19 (Scheme 7) does not
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donate Ti'V to transferrin, yet is active against HT-29 cell
lines in-vitro with values comparable to that of 1, unlike
other titanocene derivatives studied in comparison.l” Thus,
it would appear that further work is necessary in establish-
ing transferrin as the exclusive agent of active transport for
cytotoxic titanium complexes.

Me o =~
0$-0 ooTiRoN\ )  Me
2 o7 RC o
S OWMe o0~0
o—Ti W
/\ Me “Ti-0(/
o) 0 % )\ \O
| O 0./ N\
(0] \ ° ‘/o~‘ 00—\
OH ( Ly T30/ °©
o) > Yo7 M€
|| <0
o M 7
© 0™ "Me
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Scheme 7.

A recent paper proposes an alternate theory for titanium
transport to cells through the action of serum albumin
(HSA).">1 HSA, which is present in high concentrations in
the intercellular medium (ca. 700 pum), 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 con-
trols, solutions of 1 in the presence of HSA showed no vis-
ible signals for either free Cp,TiCl, or cyclopentadiene after
several days. Instead, two proton signals were observed, and
proposed to represent Ti'¥-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 ana-
logues.”®! In contrast, binding studies with the dichloro an-
alogue of 2 showed less than 1 equiv. of Ti bound to the
protein and the presence of free ligand in the NMR spec-
trum. It was also reported that while transferrin outcom-
peted HSA for titanium citrate, exchange of Ti from a pre-
formed HSA-Ti complex to transferrin was slow and in-
complete. 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 pro-
tecting 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 di-
mension to the study of these compounds.

It is thus clear that there is significantly more to be
studied than is known about Ti'¥ complexes as cytotoxic
agents. Despite the many years since the initial findings re-
garding the involvement of Ti'V centers in biological inter-
actions of a therapeutic potential, very little is known about
2207
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the actual fruitful biological interactions involved in the
cytotoxicity mechanism, as well as about the exact require-
ments 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 dem-
onstrate markedly improved features. Nevertheless, the
enormous potential of the Ti'Y center due to its notably low
toxicity calls for a reinvestigation of its diverse complexes.
For a better exploration of the parameters affecting activity
and its mechanistic aspects, the investigation of particularly
designed complexes based on different strongly coordinat-
ing ligands is thus of great merit, which should primarily
lead to complexes of enhanced hydrolytic stability and well-
defined hydrolytic behavior. Our studies are aimed at this
particular objective.

A New Family of Cytotoxic Ti'Y Complexes of
Amine—Phenolato Ligands

Ligand and Complex Design

As the hydrolytic instability of Ti'Y complexes is a major
obstacle that needs to be addressed, we design our ligands
to enforce stable binding to Ti'V and enhance hydrolytic
stability. The parameters taken under consideration are the
following: (a) we aim at neutral complexes for allowing cell
penetration by passive diffusion and the most stable oxi-
dation state we employ for the Ti center is (IV); (b) the
preferred geometry for the Ti'V center is octahedral; (c) we
aim at complexes of the general structure LTiX,, L being
an inert ligand that will hopefully remain bound to the
metal center throughout the biological interactions and al-
low for activity in a controlled manner, and X, being two
more labile monoanionic ligands, preferably in a cis config-
uration, to allow potential chelate binding to the biological
target of activity, as occurs for cisplatin and as may be pro-
posed for titanocene dichloride (1) and budotitane (2)
(Scheme 1), both featuring this characteristic.l*!l Therefore,
to fit these requirements, the inert ligands need to be tetra-
dentate and dianionic.

We chose to work with diamine-bis(phenolato) li-
gands,’7-8% since the basic N-donors form strong coordina-
tive bonds and the phenolato donors form strong Ti—O co-
valent bonds to the oxophilic Ti'V center.®!] Such ligands
have been reported for various different applications, such

R'HN/\/NHR‘
R -OH o
| + C. + or
¥z H H
R,ZN/\/NHZ

Scheme 9.
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as in 1-olefin polymerization by Ti'Y catalysis.[8?-3¢1 Various
constitutions of branched and sequential modes can be em-
ployed by varying the connectivity of the N atoms
(Scheme 8). In addition, various different coordination
numbers (such as 7 or 8) may be explored by incorporating
additional dative N atoms, and different ratios of covalent/
coordinative donors may also affect the number of labile
ligands in the end complex. The latter enables the evalu-
ation of the labile ligand effect and its necessity for ob-
taining the desired biological reactivity. Asymmetric ligands
with different phenolato moieties may also be explored.

X X X X
X w X Q ) X
HO //R‘
«X= -H, -R, 553 g ., - CH,CH,NR,
Scheme 8.

Synthesis and Characterization

General Procedures

The amine—phenolato ligands are synthesized by a highly
convenient single-step procedure by a Mannich condensa-
tion from available starting materials including the amine,
formaldehyde, and a substituted phenol (Scheme 9).180-87]
Variation of the phenol and amine components that are
largely available allows for the preparation of a wide variety
of ligands with different properties. Alternatively, the syn-
thesis of amine—phenolato ligands may be achieved through
reductive amination of substituted benzaldehydes with sec-
ondary amines.® This synthetic approach is undertaken
where a primary amine needs to be employed, in order to
avoid an additional reaction with formaldehyde to give an
undesired methylene bridge.®”!

The Ti'V complexes are generally synthesized by addition
of the ligand to a solution of Ti(OiPr), in an ethereal sol-
vent at room temperature under an inert atmo-
sphere.[”7-80-901 This convenient synthesis affords the com-
plexes as single isomers in quantitative yields, which is an
advantage over the known families of compounds. Numer-

e H%R
Pz "N‘_/NR X
> or
R|\\ OHHO | >R
Z I\} >z

NR',
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ous complexes with different steric and electronic effects
may thus be prepared by employing various ligands. Di-
amine bis(phenolato) ligands with sequential donor connec-
tivity (Scheme 9, top) generally give C,-symmetrical bis(iso-
propoxo) Ti'V complexes, where the phenolato groups are
bound in a trans fashion, and the two isopropoxo ligands
are in a cis configuration. Diamine bis(phenolato) ligands
with branched donor connectivity (Scheme 9, bottom) give
C,-symmetrical complexes upon binding of a side donor
arm to the metal center. The C,-symmetrical complexes are
the closer analogues to budotitane (2) in terms of not only
the O-donor types, but also in the symmetry and general
geometry;?!-#11 however, in contrast to 2, they are synthe-
sized as single (racemic) isomers and should exhibit en-
hanced hydrolytic stability due to their chelate nature.

Amine—Phenolato Ligand Variations'®*~?

The bis(isopropoxo) complexes synthesized thus far are
presented in Schemes 10 and 11. Steric variations on C,-
symmetrical complexes include different substituents on the
aromatic rings and N-donors, which may be either proximal

OiPr OiPr
R|\ L OH HO //|R Ti(OiPr)4 OﬁTE\Fep -
. 7 ' =z
ANGN N AN ~2/PrOH R/“ NN
H,L LTi(OiPr),
L": R = 3,4-di-Me; R' = R" = Me
L2 R = 2,4-di-Me; R' = R" = Me
L3 R = 2,4-di-tBu; R' = R" = Me
L% R =4-Bu; R =R" = Me
L3 R = 3,4-di-Me; R' = R" = Et
L% R = 3,4-di-Me; R' = Me, R" = H
L”:R=4-Me;R'=R" =Me
L8 R=4-CI;R' =R" =Me
Scheme 10.

OiPr OiPr
O/TI’O o\ _/o

7\ — i

N- o7,/ X

" ”
\ N N o]

'S /

L'Ti(OiPr), L'Ti(cat

Figure 2. Variations of the labile ligands.
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or distal to the metal center to assess their influence upon
metal interactions or other peripheral parameters such as
solubility and hydrophobicity. By incorporating electron-
withdrawing or electron-donating groups on the aromatic
rings, the electronic requirements of a strongly donating li-
gand may also be investigated. The complexes of this type
that were analyzed by X-ray crystallography all reveal
highly similar general coordination features, as discussed
above (Figure 1). Particularly noteworthy is the similar Ti-
N bond length observed for L' Ti(OiPr),, (2.34 vs. 2.37 A),
despite the difference in the N-substituent steric demands.
C,-Symmetrical complexes were investigated, to evaluate
the effect of the different symmetry and ligand arrangement
(Scheme 11). The X-ray analysis of L'*Ti(OiPr), (Figure 1)
is especially indicative of the similar coordination features
of the Cy-symmetrical complexes to the C,-symmetrical an-
alogues, namely, they all include similar coordination
number, donor types, trans phenolato binding and cis isop-
ropoxo groups. Nevertheless, one Ti-N bond length is
somewhat longer for L'2Ti(OiPr),, of 2.45 A, due to the
flexibility of the side donor.

. OiPr
R /PrO\ |
I\\ OHHO | SR Ti(oiPr), O'Tif\lo N
AN = -2iPrOH /™ RNV\I}R
2 RT & =
Hal Ry, LTi(OiPr)y
L% R = 3,4-di-Me; R' = R" = Me
L"%: R = 2,4-di-Me; R' = R" = Me
L": R = 2,4-di-tBu; R' = R" = Me
L'2: R = 2,4-di-Me; R' = R" = Et
Scheme 11.

Labile Ligand Variations®**!

Variations on the labile ligands were also made to evalu-
ate their role in hydrolysis and biological activity. Thus,
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complexes of different ligand lability were prepared by re-
acting the bis(isopropoxo) compounds with a chelating di-
alkoxo agent. Reacting L!Ti(OiPr), with catechol gave the
catecholato complex L!Ti(cat), which according to the crys-
tallographic analysis, includes cis phenolato binding unlike
the geometry of the isopropoxo precursor (Figure 2).0%
This complex should exhibit a substantially reduced lability.

Hydrolysis!®!

General Procedures

The hydrolytic behavior of the complexes was investi-
gated in order to assess their stability under biologically
relevant conditions. In analogy to observations for titano-
cene dichloride (1)P*# and budotitane (2)['*2! (Scheme 1),
two potentially separate processes need to be taken into ac-
count: (a) the hydrolysis of the “labile” ligands, namely the
isopropoxo groups or their substitutes, which should occur
first rather rapidly, and (b) the hydrolysis of the chelate
amine—phenolato ligand which should occur more slowly.
Three methods were employed: UV/Vis was helpful for
monitoring the LMCT band of the Ti-OAr ligand at ca.
350 nm, providing indications for phenolato ligand hydroly-
sis, while stopped-flow instrumentation assisted in de-
termining particularly rapid changes. '"H NMR measure-
ments allowed the identification of new species forming
over relatively long periods, with the change in integration
providing information regarding the reaction yield and its
rate. In addition, new species that form were structurally
characterized by X-ray crystallography.

Amine—Phenolato Ligand Variations

The particular amine—phenolato ligand employed has a
major influence on the hydrolytic properties of Ti'V com-
plexes. In general, complexes of this type, and in particular,
C>-symmetrical bis(isopropoxo) complexes of certain steric
and electronic features [L'#Ti(OiPr),] (Scheme 10), demon-
strate surprisingly high hydrolytic stability, where release of
the most labile isopropoxo groups is observed only within
a time scale of several hours, and not several minutes as

Absorbance
Absorbance

1
e
o

0 50 Time min 100 150

might have been expected based on observations with
known compounds including titanocene dichloride (1) and
budotitane (2).11%-21-3494.931 Moreover, steric and electronic
effects were found to have a major influence on both the
rate of hydrolysis and also on the general hydrolytic behav-
ior and nature of products. Where steric crowding near the
metal site allows [L'2*°Ti(OiPr),], the isopropoxo groups
indeed dissociate first to give a new polynuclear O-bridged
species with bound phenolato ligand which is itself stable
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Figure 3. Representative '"H NMR spectra of L'"*3Ti(OiPr), in
[Dg]THE/D,O after completion of hydrolysis reaction.
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Figure 4. UV/Vis absorption over time for L' Ti(OiPr), upon addition of water.
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for days as observed for complex 17 (Scheme 6)P?*3% and
complex 20 (Scheme 7)"Y1 However, where steric crowding
around the metal center is too large, despite strong ligand
binding leading to relatively slow hydrolysis [L>Ti-
(OiPr),],°® or where the electronic features weaken ligand—
metal binding leading to rapid hydrolysis [L>¥Ti(OiPr),],
the cluster is not obtained and simple ligand release as bis-
phenol is observed instead (Figure 3). As an example, UV/
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Vis studies with L'Ti(OiPr), are presented in Figure 4; for-
mation of a new species with bound ligand following isop-
ropoxo release is detected by the LMCT band shift as well
as by the decay in absorbance to a value greater than zero,
which is only observed within several hours, while no
change is observed in the first seconds based on stopped-
flow measurements. As these slow reactions enabled NMR
characterization, the plots of integration of representative
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Figure 5. Plots of integration of selected signals including bound isopropoxo ('Ti-OiPr’), free 2-propanol (“/PrOH”), bound phenolato
(“Ti-ONNO”), free bis(phenol) (“‘HONNOH”) and new phenolato-bound polynuclear species where applicable (“new species”) in the 'H
NMR of L?Ti(OiPr), (A,B), L*Ti(OiPr), (C,D), L°Ti(OiPr), (E) and L'Ti(cat) (F) vs. time following addition of D,O to the [Dsg]THF
solution at room temp. (A,C,E,F) and at 37 °C (B,D); (a) the integration values for this particular plot of the “new species” formed
under the reaction conditions were not calibrated as the rest to represent the same number of protons due to the complexity of the

spectrum and difficulty in assigning particular proton identity.
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signals vs. time for representative bis(isopropoxo) com-
plexes is given in Figure 5, with the summary of selected ¢,
hydrolysis rates extrapolated from the plots given in Table 1.
These plots clearly show that complete chelate ligand hy-
drolysis occurs simultaneously to isopropoxo release for
complexes that do not yield a cluster [L3>Ti(OiPr),], which
is surprising considering their expected different lability,
while for the others [L?Ti(OiPr),], a new polynuclear species
with bound phenolato ligands forms within the time scale
of isopropoxo release. We may thus conclude and say that
steric effects near the metal center have the most crucial
effect on hydrolysis as expected, because they affect the abil-
ity of two metal centers to approach each other to form a
polynuclear cluster. In addition, complexes bearing elec-
tron-withdrawing groups, large groups on the N-donor, and
C,-symmetry due to a pending donor arm, demonstrate a
more rapid hydrolysis rate, which is attributed to weaker
ligand binding. In general, when comparing to 1 and 2,
some of our complexes demonstrate substantially higher hy-
drolytic stability, where modifications on the “inert” ligands
may affect hydrolysis rate as observed with derivatives of 1
(5, Scheme 2).141

Table 1. ¢;, Values for hydrolysis of OiPr of selected complexes.

Complex ti
L'Ti(OiPr), 5h
L°Ti(OiPr), 31h
L3Ti(OiPr), 10h
L*Ti(OiPr), 3h

L Ti(OiPr), 5 min

Analysis of the structure of the polynuclear complex
formed from L!Ti(OiPr), (Scheme 10) was enabled by X-
ray crystallography (Figure 6). This complex was only ob-
tained when >50 water equivalents were added and the re-
action was stirred for 3 d, which again emphasizes the
unique hydrolytic stability of these complexes relative to
known compounds, as for example, traces of water are suf-
ficient to form polynuclear complexes of acyl-pyrazolonato
ligands within 15 minutes (17, Scheme 6).24>4 Interestingly,
binding of phenolato ligands in a cis fashion is observed
for two out of the three metal centers in the trinuclear clus-
ter,®3 as was also obtained with the catecholato complex

Figure 6. X-ray structure of the hydrolysis product of L!'Ti(OiPr),.
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L'Ti(cat) (Figure 7), suggesting a similar ligand-replace-
ment mechanism. The bulk that is induced by the phenolato
ligands around the metal centers in this cluster explains the
dependence of cluster formation on suitable steric proper-
ties. It is also noteworthy that preliminary recent results ob-
tained for L°Ti(OiPr), suggest that a dinuclear complex is
formed rather than a trinuclear complex, due to the small
difference in steric effects between L! and L°. The two TilV
centers in the dinuclear complex feature cis phenolato units
as well.

Figure 7. ORTEP drawing of a single Ti center of the hydrolysis
product of L'Ti(OiPr), (top) and L!Ti(cat) (bottom).

Labile Ligand Variations

The catecholato complex L'Ti(cat) (Figure 2) exhibits an
enhanced hydrolytic stability as expected. As the L! ligand
LMCT band in the UV/Vis overlaps with the LMCT of the
catecholato ligand, its analysis was performed by NMR
only. High stability is observed for days, where only minor
(ca.10-20%) release of free ligands is observed, and the for-
mation of a new species could not be detected (Figure 5).
Thus, it is concluded that the lability of the L and X, li-
gands in the LTiX, complex impact each other to a large
extent. Where the L ligand is relatively labile [L Ti(OiPr)],
the hydrolysis of both L and X, occurs rapidly, while where
the L ligand is rather inert [L'3Ti(OiPr),], the hydrolysis of
the X, is also delayed. This phenomenon that was not ob-
served with titanocene dichloride (1) and budotitane (2),
where generally different lability was observed for the two
ligand types.['®21-34 Nevertheless, where hydrolysis of the
X, allows cluster formation, the L groups remain attached
in the highly stable cluster formed. In addition, where the
X, groups are also particularly inert [L!Ti(cat)], the hydrol-
ysis of the L groups is also delayed and a highly stable com-
plex is observed.

Cytotoxicity*0-22I

General Procedures and Reference Measurements®”!

To date, the cytotoxicity of the phenolato complexes has
been measured on two types of cancer-cell lines, colon HT-
29 and ovarian OVCAR-1 cells. The MTT (methylthiazolyl-
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diphenyl-tetrazolium bromide) assay was employed to eval-
uate cell viability based on cellular metabolic activity.®®! In
general, similar activity patterns were observed for both cell
types. In this overview we will demonstrate the activity
towards ovarian cells only, while activity towards colon cells
can be found elsewhere.’ 22! In some cases, measurements
were conducted in the presence of a supplement whose ef-
fect we were interested to explore, such as apo-transferrin.
In addition, variations of incubation times enabled us to
estimate the general stability and the time scale of activity
and cell penetration.

The cytotoxicity of particularly labile Ti'V complexes
such as Ti(OiPr)y, TiCly, and TiCl4(THF), was investigated
to confirm that a stabilizing ligand is required and not every
source of Ti'V ion can be active following rapid ligand hy-
drolysis. No cytotoxicity was observed for any of these com-
plexes towards both cell types, including when apo-trans-
ferrin was added to the biological medium.” This suggests
that the O-bridged aggregates that form upon exposure to
water are inactive, and their formation is too rapid to allow
any interaction with transferrin that may deliver the
stripped ion to its biological target. These results are also in
agreement with the observation that the maltol tetranuclear
complex (20, Scheme 7) does not deliver Ti'V to trans-
ferrin.’#! It is thus obvious that a carefully designed inert
ligand is required to stabilize an active species and enable
cytotoxic activity, and support such role for the Cp and
diketonato ligands in 1 and 2.056-74

Amine—Phenolato Ligand Variations

Complexes of the diamine bis(phenolato) ligands of C»-
symmetry possess appreciable cytotoxic activity towards the
colon and ovarian cells measured, which is higher than
those of Cp,TiCl,, (bzac),Ti(OiPr), and cisplatin (Table 2).
Moreover, the activity is strongly dependent on the ligand
type, as different structural variations have a dramatic effect
on the cell viability measured. We thus see that this ligand
family enables stabilization of the active species, and ap-
pears to be involved in the interaction with the biological
target.l’4]

Steric effects on the N-donors and on the aromatic rings,
both at positions near the metal site as well as distant from
it, were explored. In general, steric bulk has a negative ef-
fect on cytotoxicity as reported for titanocene derivatives
(3, 4, Scheme 2),['31 with no particularly larger influence of
the near-metal site bulk (Figure 8). The complexes with the
best activity identified thus far are L'Ti(OiPr), and
L°Ti(OiPr), (Scheme 10), which include two methyl groups
on each aromatic ring yet at different positions, and two
N-methyl substituents. Preliminary results indicate that a
similarly high activity is also observed for L'Ti(OiPr), fea-
turing a single methyl group distant from the metal center.
These results point to a small influence of the second
methyl group. In contrast, no activity whatsoever is ob-
served for complex L3Ti(OiPr), featuring two rert-butyl
groups on each ring including at positions ortho to the
metal site, while mediocre activity is obtained for
L*Ti(OiPr),, which includes a single bulky group on each

Eur. J. Inorg. Chem. 2009, 2203-2218
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Table 2. ICs, (um) values for selected diamine bis(phenolato) bis-
(isopropoxo) complexes on HT-29 and OVCAR-1 cells and com-
parison to known compounds with or without a supplement of
apo-transferrin (Tr).

Reagent Tr HT-29 OVCAR-1
1 Cp,TiCl, - 710120 780 =90
2 (bzac),Ti(OiPr), - 53+ 1 53+1
3 cisplatin - 333 17+4
4 L'Ti(OiPr), - 12+1 14+1
5 LTi(OiPr), - 12+1 12+1
6 L3Ti(OiPr), — inactive inactive
7 L*Ti(OiPr), - ] _al
8 L Ti(OiPr), - inactive inactive
9 L!Ti(cat) - 202 40+4
10 Cp,TiClh + 460 + 40 520+ 30
11 (bzac),Ti(OiPr), + 569+0.6  65.0%0.6
12 L'Ti(OiPr), + 16+3 15+3
13 L2Ti(OiPr), + 20+3 39+4
14 L3Ti(OiPr), + inactive inactive

[a] Cell-growth inhibition does not exceed 50 %.

ring distant from the metal site. In addition, complex
L Ti(OiPr), possessing larger ethyl groups on the N-donors
relative to the highly active L!'Ti(OiPr), is also completely
inactive, despite its highly similar X-ray structure (Fig-
ure 1). Interestingly, a strong correlation is observed be-
tween the hydrolytic behavior of the complexes and the
cytotoxicity, although somewhat different steric-dependence
is observed for the two. Only complexes of steric bulk en-
abling formation of a polynuclear O-bridged complex show
any cytotoxic activity, which leads us to suspect that forma-
tion of this cluster or the parameters involving it such as
isopropoxo hydrolysis, are essential for a fruitful biological
interaction, as may be proposed for known complexes that
lose their labile ligands quite rapidly.l'®-?!-34 In addition, the
particular rate of hydrolysis is also significant yet to a dif-
ferent extent. Therefore, complexes that hydrolyze particu-
larly rapidly such as L Ti(OiPr),, are completely inactive,
yet complexes that reveal slower hydrolysis are not necessar-
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Figure 8. Dependence of OVCAR-1 cell viability after 3 d incu-
bation period on administered concentration of L!'>Ti(OiPr), pre-
sented in a logarithmic scale.
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Figure 9. Dependence of OVCAR-1 cell viability after 3 d incubation period on administered concentration of L '?Ti(OiPr), (left) and
of L>!9Ti(OiPr), relative to L1?Ti(OiPr), (right) presented in a logarithmic scale.

ily active such as L3Ti(OiPr),, whose near-metal-site steric
bulk does not allow cluster formation. Moreover, beyond a
certain level of inertness, no major effect is observed for
complexes of substantially different hydrolysis rate which
directly results from the near-metal-site steric bulk, as dem-
onstrated by the similar activity of L!Ti(OiPr), and
L°Ti(OiPr),. It is also noteworthy that other parameters
that are not related to the hydrolysis rate and hydrolytic
behavior are involved in the steric dependence cytotoxicity
pattern, as L*Ti(OiPr),, featuring similar near-metal-site
steric bulk and similar hydrolysis to L!Ti(OiPr),, possess a
reduced cytotoxicity. This parameter may suggest the
requirement of planarity to enable DNA intercalation as
was proposed for 1 and 2 derivatives,'>2! or may reflect
the effect of other indirect factors, as the general hydropho-
bicity and solubility of the two complexes is different.

Elaborated studies on electronic effects are currently be-
ing performed, and preliminary results obtained thus far do
not reveal a clear effect. At high doses, the effect of chloro
substituents seems to be mostly negative, which is in agree-
ment with their electron-withdrawing nature and more ra-
pid hydrolysis, while a different pattern is observed at low
doses. It is also noteworthy that no clear effect was observed
for derivatives of titanocene dichloride (7, Scheme 2)*%! and
of budotitane.*' This phenomenon is currently under in-
vestigation.

The family of Cs-symmetrical complexes demonstrates
significantly diminished activity relative to their C,-sym-
metrical analogues, despite the high similarity in coordina-
tion features (Figure 9). This feature is attributed to the
more rapid hydrolysis observed for this family of complexes.
Steric bulk has a negative effect on cytotoxicity here as well,
where  L'"Ti(OiPr), (Scheme 11), the analogue of
L3Ti(OiPr), (Scheme 10), also possess no cytotoxic activity.
Nevertheless, higher activity is observed for L'°Ti(OiPr),
relative to L°Ti(OiPr),, perhaps due to its larger near-metal
site bulk which directly affects hydrolysis, and thus for these
compounds that are of lesser hydrolytic stability to begin
with, this effect becomes clearly pronounced.
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The relatively inert catecholato complex L!'Ti(cat) (Fig-
ure 2) is of reduced cytotoxicity relative to its bis(iso-
propoxo) counterpart L!Ti(OiPr), (Figure 10). This result is
different than that obtained for titanocene analogues, where
substituting the chloro groups in titanocene Y (8) with a
more inert oxalato ligand (9) (Scheme 3) enhanced the ac-
tivity.*3! This implies that while the inertness of the tetra-
dentate bis(phenolato) ligand is essential to stabilize an
active Ti-based species and delay the hydrolysis of the X
groups, the inertness of the additional X ligands should be
more finely tuned. This observation is reminiscent of the
one relating to titanocene dichloride (1), which exhibits en-
hanced cytotoxicity when is aged in certain organic co-sol-
vents assumingly due to partial decomposition.l*® It is thus
plausible that ultimate hydrolysis of the X groups in our
complexes occurs throughout the biological mechanism
that brings about fruitful interactions, as occurs for cispla-
tin and as may be proposed for titanocene dichloride (1)
and budotitane (2).1'%21:34 This result is also in agreement
with our observation that only complexes that yield a stable
polynuclear complex upon water addition are cytotoxic, as
this process involves the hydrolysis of the isopropoxo
groups. Nevertheless, the correlation between polynuclear
complex formation and cytotoxic activity raises the pos-
sibility of the cluster itself being the active species, consist-
ently with the results observed with budotitane derivatives
such as 17 (Scheme 6),2>°°1 and 20 (Scheme 7).741 There-
fore, to further establish the importance of somewhat labile
X groups and to inquire about the activity of the highly
stable clusters forming upon hydrolysis, we measured the
cytotoxicity of the trinuclear complex L';Ti;O; obtained
from L!Ti(OiPr), (Figure 6). No cytotoxicity was observed
for the cluster (Figure 10), unlike the observations with 17
and 20. This is, however, in agreement with the lack of ac-
tivity observed for labile complexes forming stable O-
bridged aggregates rapidly,®”! and thus supports the
requirement of somewhat labile groups for obtaining cyto-
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toxic metal centers. This result also suggests that some in-
termediate in the cluster formation rather than the cluster
itself plays a part in the biological activity. Nevertheless, it
is also possible that the cluster’s lack of cytotoxic activity
represents its inability to enter cells rather than the lack of
its involvement in valuable cellular interactions, which may
still occur once the cluster formation takes place within the
cellular environment following cell membrane transport of
the original complex or an intermediate.
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Figure 10. Dependence of OVCAR-1 cell viability after 3 d incu-
bation period on administered concentration of L!Ti(OiPr),,
L!Ti(cat) and L'5Ti;05 presented in a logarithmic scale.

Mechanistic Insights!*®-2!

Transferrin Effect

To estimate whether the protein transferrin plays a part
in the cytotoxic activity of our Ti" complexes as was pro-
posed for titanocene dichloride (1) and other metal-based
cytotoxic complexes,[64-67-69-72.74] e measured the cytotox-
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Figure 11. Dependence of OVCAR-cell viability after 3 d incu-
bation period on administered concentration of L'*Ti(OiPr), and
Cp-TiCl, presented in a logarithmic scale with or without added
apo-transferrin (10 pg/mL).
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icity with a supplement of this apo-protein. Although en-
hanced activity was observed for 1 in the presence of the
protein, no positive impact was observed for (bzac),-
Ti(OiPr), and for all bis(phenolato) complexes studied to
date, including active and inactive ones (Figure 11). There-
fore, an alternative mode of delivery exists for our com-
plexes, which seems to be in general more similar to that of
2 than to that of 1, as may also have been anticipated due
to the higher structural resemblance. These results support
previous findings with budotitane analogues suggesting that
when a strongly bound ligand exists to stabilize the Ti'V
center, transferrin is no longer required (20, Scheme 7),[74
and thus the ligand should remain bound for long enough
time to allow the complex to reach its biological target.
Therefore, the cytotoxic activity may be controlled and
tuned by ligand structural modifications. It is also note-
worthy that binding of an intact ligand-bound complex to
a delivery protein such as albumin is still possible.l””!

Cytotoxicity Dependence on Incubation Times

To establish the time frame of activity of our complexes,
we varied the incubation times of the complexes with the
cells. We generally observed that the cytotoxicity increases
with longer incubation times, as higher activity is observed
after three days of incubation than is after single incubation
day (Figure 12). This is contrary to the observations with
cisplatin, for which meaningful activity is observed within
the first 24 h of administration.[> Interestingly, exposing
the complexes to the biological medium for two days in the
absence of cells, and consequently incorporating the cells
for an additional incubation day, leads to complete loss of
cytotoxic activity. It is thus clear that dissociation of the
complexes under conditions of the medium leads to activity
loss, and thus a form of the complex prior to dissociation
is responsible for relatively rapid cell insertion and demon-
stration of activity, while once in the cell, the activity is
retained for longer periods. These results are also in agree-
ment with our observations that the stable cluster obtained
from L'Ti(OiPr), (Figure 6) upon hydrolysis is inactive, and
support the involvement of the original complex or an in-
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Figure 12. Dependence of OVCAR-cell viability on administered
concentration of L?Ti(OiPr), presented in a logarithmic scale fol-
lowing different incubation periods.
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termediate formed prior to the cluster in fruitful biological
interactions. Moreover, we have recently observed that ad-
dition of the biological medium in a volume that corre-
sponds to 100 equiv. of water to a THF solution of
L!Ti(OiPr), also yields crystals of the cluster L';Ti;O5 (Fig-
ure 6), which supports similar hydrolytic behavior in the
biological medium to that occurring in neat water, pointing
to the cluster formation as the potential dissociation pro-
cess responsible for cytotoxic activity loss.

Summary and Perspective

In this paper we overviewed our recent studies with Ti"V
complexes of amine-phenolato complexes as cytotoxic
agents. This family of compounds is highly promising due
to two main features: (a) appreciable cytotoxic activity is
observed towards colon and ovarian cells, which is higher
than that of Cp,TiCl,, (bzac),Ti(OiPr), and cisplatin, and
is strongly dependent on the ligand structural features; and
(b) particularly favorable features regarding their hydrolytic
behavior are observed, with another strong dependence on
ligand structure and strong correlation to the cytotoxic ac-
tivity. A high hydrolytic stability is observed for the most
active complexes, where the labile ligands hydrolyze with a
time scale of several hours rather than several minutes or
less,[!%21:34 and the phenolato ligands remain attached in
the ultimate formation of a highly stable O-bridged polynu-
clear complex upon the labile ligand dissociation, which is
itself inactive. As complexes that hydrolyze rapidly are inac-
tive, we conclude that a relatively inert tetradentate ligand
is required to decelerate the hydrolysis of the labile groups
upon formation of the inactive cluster for long enough
periods to enable cell penetration and demonstration of
cytotoxic activity. Nevertheless, some lability of the OR
groups is required for allowing the fruitful biological inter-
action to occur, as replacing the isopropoxo groups with an
inert catecholato ligand diminished the cytotoxic activity,
contrary to the results obtained with oxalato titanocene Y
(9, Scheme 3),[*! although other parameters may be en-
gaged in the activity decrease that relate to the general dif-
ferent structure of the catecholato complex.

Additional mechanistic studies have led us to propose the
following: (a) a relatively rapid cell insertion of the active
species occurs, which is unstable in the absence of cells but
is active in the cellular environment; and (b) the complexes
insert the cells without the aid of the protein transferrin.
We may thus conclude that the tetradentate bis(phenolato)
ligand indeed remains bound to the Ti'V center and is resist-
ant to transferrin stripping, although protein binding, such
as transferrin or albumin, of the ligand-bound complex
cannot be ruled out, and may actually be advantageous for
enhancing selectivity to tumor tissue.l’+77]

The high versatility of this family of complexes enables
us to perform various studies in regards to additional struc-
tural parameters of interest, including the complex coordi-
nation number, the number of anionic labile ligands, the
complex symmetry, and more, which are currently un-
2216
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derway. We are currently also performing additional in-
depth mechanistic studies to evaluate the cell penetration
mode of these complexes, the nature of the active species
and the important biological interactions, while designing
better-suited compounds based on the insights gained in
regards to the steric and electronic demands of the ligands,
and in particular, to their water solubility. In-vivo studies
are also underway, and the relation between the hydrolytic
stability and in-vitro activity will be established. As Ti"V
complexes generally demonstrate substantially lower toxic-
ity and reduced side effects relative to platinum and other
metal compounds, which is the main limitation in their
therapeutic use, we believe that based on the promising re-
sults obtained thus far for our compounds as well as on
other recent achievements in this field, proving that it is
possible to create protective ligands for Ti'V, exciting times
involving research of Ti'V agents are ahead, and the true
potential of Ti'V complexes as cytotoxic drugs is yet to be
realized.
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