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First presented by Kopf-Maier in the 1970s, titanium
compounds have shown promise as metallodrugs for cancer
treatment.” Wide research exploring different chelating
ligands for Ti(v) for anticancer applications started with dike-
tonato- and cyclopentadienyl-based moieties.>™* Despite low
toxicity and high efficacy observed in in vivo models for the two
parent Ti(iv) compounds titanocene dichloride and budotitane,
they failed in clinical trials due to insufficient efficacy to toxicity
ratio.”"” The main drawback of the Ti(v) compounds lies in
their rich hydrolytic chemistry, leading to decomposition to give
multiple clusters in the biological environment, which eventu-
ally hampered the complexes’ medical utility.****°

Our group has introduced the highly potent and hydrolyti-
cally stable Ti(iv) complexes of phenolato ligands.® The first
generation of compounds was based on a tetradentate diamino
bis(phenolato) chelating scaffold with two alkoxo labile ligands,
which showed in vitro activity in a wide range of cell lines, in vivo
efficacy, and enhanced hydrolytic stability.>**?* Importantly,
some defined highly inert polynuclear hydrolysis products, ob-
tained within hours following labile ligand hydrolysis, exhibited
high cytotoxic activity, confirming that labile ligands are not
essential for the cytotoxic effect.>**3¢3” Following studies
focused on potent inert mononuclear Ti(iv) complexes lacking
labile ligands;***® particularly, mono-ligated Ti(iv) complexes of
hexadentate diaminotetrakis(phenolato) or
diaminobis(phenolato)-bis(alkoxo) ligands showed high anti-
neoplastic effect as well as exceptionally high hydrolytic
stability.*”*%*
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cells. Higher activity of the racemate on drug-resistant A2780cp and A2780adr lines implies a beneficial
activity of both enantiomers rendering enantiomeric resolution unnecessary.

Most phenolato Ti(iv) compounds reported thus far are
chiral (C;- or C,-symmetrical), therefore the biological evalua-
tion of the pure enantiomers and comparison with their
racemic mixture is appropriate.*>** Previous stereochemical
studies included diaminobis(phenolato) “salan” type ligands
with chiral cyclohexyl or bipyrrolidine moieties for chiral at
metal induction.**** The different behaviour observed for
racemic mixture compared with those of its pure enantiomers
was attributed to the generation of active disatereomeric (homo-
chiral or hetero-chiral) clusters in water solution, exhibiting
different cellular reactivity.

In this paper, we present a new highly inert chiral Ti(wv)
complex, based on a single diaminotetrakis(phenolato) chiral
ligand, synthesized as racemic (A + A) and as optically pure (A,
A) by ligand to metal chiral induction. The hydrolytic stability
abolishes the formation of diastereomeric clusters, and thus the
enantiomers could be compared with the racemate as their 1 : 1
innocent mixture.

Aiming to develop a highly stable mono-ligated Ti(wv)
complex in an enantiopure form, a cyclohexanediaminotetraki-
s(phenolato) Ti(iv) complex was synthesized according to
a published procedure.” Pure enantiomers (A or A at metal)
were obtained through ligand-to-metal chiral induction from
optically pure trans-1,2-diaminocyclohexane (R,R or S,S at
ligand, respectively); the corresponding racemate (A + A at
metal) was similarly obtained starting from the racemic form of
the starting material.

Ligands R,R/S,S/Rac-LH, (Scheme 1) were synthesized as
previously described,* reacting trans-diaminocyclohexane with
2,2'-dihydroxybenzophenone in methanol, followed by reduc-
tion with NaBH,. The ligands were characterized by 'H and '*C
NMR, optical rotation, circular dichroism (CD), and high reso-
lution mass spectroscopy (HRMS), all demonstrating similar
features to those of previously reported systems.*® The corre-
sponding Ti(v) complexes (Scheme 1) were produced by
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Scheme 1

reacting LH, with Ti(O'Pr), in THF, at room temperature,
overnight. The yellow precipitant that formed spontaneously
was isolated by decantation. "H NMR spectra confirmed
formation of the desired symmetrical products with eight
signals for the aromatic region and a corresponding set of
aliphatic signals. The complexes were also characterised by
optical rotation, CD, and HRMS.

Single crystals of S,S,A-LTi obtained from dichloromethane
at ambient temperature were analyzed by X-ray crystallography
(Fig. 1). The structure features a distorted octahedral complex of
a C, symmetry, with similar coordination features as those of its
enantiomer R,R,A-LTi previously reported.* The Ti-O bond
lengths are similar, 1.85 and 1.91 A as reported for related
structures.” The Ti-N length of 2.21 A is typical to secondary
amine coordination.*»*** The high deviation from octahedral
symmetry is clearly pronounced by the O(2)'-Ti-N(1) and O(2)-
Ti-O(2) angles, with values of 161.5(1)° and 112.5(2)°,
respectively.**

The hydrolytic stability was assessed using "H NMR based on
previously reported procedures.*** About 3.6 mM of §,S,A-LTi
was dissolved in DMSO, H,O (>10 000 equivalents) was added to
give a 90% water solution, and the mixture was allowed to stand
for 17 days. The solvents were then removed and the "H NMR
spectrum was recorded in DMSO-d, (Fig. 2). No decomposition
under these conditions was observed, confirming high water
stability despite the rather strained structure obtained in the
solid state.

The cytotoxicity of the complexes was analyzed towards
human colon HT-29, as well as human ovarian sensitive A2780,
cisplatin-resistant A2780cp, and adriamycin-resistant A280adr

N

! D

Fig. 1 ORTEP presentations of S,S,A-LTi with 50% probability ellip-
soids; H atoms were omitted for clarity. Selected bond lengths [A] and
angles [°]: O(1)-Ti: 1.913(2), O(2)-Ti: 1.845(2), N(1)'-Ti: 2.208(2); O(2)-
Ti-0O(2)": 112.5(2), O(2)-Ti—-O(1)": 92.4(1), O(2)-Ti—-O(1): 94.5(1), O(1)'—
Ti—-O(1): 167.5(1), O(2)-Ti—N(1): 85.5(1), O(2)'-Ti—-N(1): 161.5(1), O(1)' -
Ti—N(1): 88.4(1), O(1)-Ti—N(1): 81.8(1), N(1)-Ti—-N(1)": 76.9(2).
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Fig. 2 H NMR spectra for $,5,A-LTi in DMSO-dg, before (top) and 17
days after (bottom), the addition of 90% H,O (spectrum of the latter
taken in neat DMSO-dg following evaporation).

cancer cell lines. The viability was measured by the
methylthiazolyldiphenyl-tetrazolium (MTT) assay as previously
described.*® The results are illustrated in Fig. 3.

When inspecting the parent lines HT-29 and A2780 (Fig. 3,
top), moderate activity was recorded for all stereochemical
forms. This moderate activity may be attributed to the large
steric bulk of the complex (Fig. 1), often hampering biological
accessibility as was observed previously with other diamino
tetrakis(phenolato) complexes being cytotoxic only once
formulated in nano-particles to enhance solubility and cell
penetration ability.***”*° Importantly, no significant difference
in cytotoxicity was observed for the two enantiomers, R,R,A- and
S,S,A-LTi, a result similar to previous observations with chiral
complexes of salan ligands.***>*"*® Nevertheless, according to
the high hydrolytic stability of LTi, and unlike previous obser-
vations with less stable salan-based Ti(iv) complexes, the
racemic mixture indeed behaves as expected of a simple 1:1

mixture of enantiomers, with similar reactivity to that of the
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Fig. 3 Dependence of HT-29 (top left), A2780 (top right), A2780cp
(bottom left) and A2780adr (bottom right) cell viability based on the
MTT assay following a three days incubation period on added
concentration of various stereochemical mixtures of LTi, presented on
a logarithmic scale. Relative ICsq of rac-LTi on HT-29, A2780,
A2780cp, and A2780adr: 77.9 +13.3,78.8 +£19.1,14.6 £ 5.0, and 13.1 +
1.8 uM, respectively.
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pure forms, without decomposition to active diastereomeric
clusters. These observation overall challenge the conception of
direct interaction with chiral target as the main mode of
action,*® while suggesting that tedious separation of the pure
enantiomers may not be of necessity for utilization of phenolato
Ti(v) compounds as anticancer remedy.***>**® Interestingly,
when inspecting the reactivity of the complexes toward the drug
resistant lines A2780cp and A280adr (Fig. 3, bottom) the
racemic mixture is clearly more active than found on the parent
line, and more active than the pure forms. Applying mixtures of
different ratios of the two enantiomers showed that small excess
(~3:1 ratio) of the A isomer retains the maximal cytotoxic
effect as observed for the racemic mixture, whereas similar
excess (~1 : 3 ratio) of A enantiomer reduces the activity back to
the values obtained for pure enantiomers. Due to the high
hydrolytic stability of the complex, formation of heterochiral
clusters with particular ratios of chiral centres cannot serve as
a plausible explanation. Thus, it is possible that the two enan-
tiomers operate on different cellular processes, which may be
influenced in the resistant lines. Alternatively, effect on drug
transport may also be considered. For example, ATP-binding
cassette (ABC) proteins, which are expressed in both resistant
cell lines,* play a role in uptake and efflux of cytotoxic metal
compounds,® and could also be relevant to the Ti(iv) complexes.
Additionally, the two enantiomers administered together can be
subjected to drug-drug interaction relationship, which was
shown to play some role in drug absorption where P-
glycoprotein (of an ABC family) plays a major part.*® Addi-
tional studies are therefore required to elucidate the particular
effect of both isomers.

Conclusions

This paper presents the first hydrolytically stable mono-ligated
anticancer Ti(iv) complex, synthesized and analysed as pure
enantiomers. In vitro studies on colon and ovarian cell lines
show similarly moderate cytotoxicity of all stereochemical
forms, whereas for drug resistant lines, preference for the A
enantiomer implies some beneficial activity of both isomers.
The results altogether emphasize the advantage of utilizing
racemic mixture over pure enantiomers for Ti(v) phenolato
compounds.
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