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Five new homoleptic derivatives of titanium(iv) have been developed and characterized by physicochemical
techniques. Metal complexes, TiHoL' [(CzgH26NgQ4Til, TiHoL2 [(CsgHoaFaNgOA)Til, TiHoL® [(CsgH24ClLNgO4)
Til, TiHoL* [(CssH24BraNgOLTil and TiHoL® [(CssHo4NgOg)Til, were obtained by treating Ti(OPr),; with
appropriate ONO ligands (H,L'~H,L®) in anhydrous THF as solvent. The electronic structures and properties
of titanium(v) complexes (TiHoL*=TiH,L%) and ligands (HoL'=H,L>) were examined by DFT studies. The
stability of all synthesized derivatives was assessed by a UV-visible technique using 10% DMSO, GSH medium
and n-octanol/water systems. The binding interactions of BSA and CT-DNA with respective titanium(iv)
complexes were successfully evaluated by employing UV-visible absorption, fluorescence, circular dichroism

(CD) techniques and docking studies. The in vitro cytotoxicity of TiH,L2, TiH,L® and TiH,L* complexes was
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Accepted 6th April 2024 assessed against Hela (human epithelioid cervical cancer cells) and A549 (lung carcinoma) cell lines. The

ICso values of TiH,L2 TiH,L® and TiH,L* were observed to be 28.8, 14.7 and 31.2 ug mL ™" for the Hela cell

DOI: 10.1039/d3ra08574k line and 38.2, 32.9 and 67.78 ug mL™" for A549 cells, respectively. Complex TiH,L® exhibited remarkably

rsc.li/rsc-advances induced cell cycle arrest in the G; phase and 77.99% ROS production selectivity in the Hela cell line.
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1. Introduction

Transition metals coordinated with ligands of appropriate
cationic, neutral or anionic behaviour are rendered capable of
being listed as transition metal complexes." Transition metal
derivatives with versatile coordination spheres and oxidation
states easily interact with negatively charged biomolecules.” The
first mono-nuclear cisplatin anti-cancer drug was discovered in
1969, which exhibited immortal cytotoxicity against ovary,
testis, neck and lung cancer cells, but the main drawback of
cisplatin, oxaliplatin and carboplatin drugs was that they
caused various side effects, e.g. vomiting, nausea, renal
disability, alopecia (hair loss), neurotoxicity and ototoxicity
(reducing hearing ability).> During the recent couple of decades,
many researchers have come up with extensive studies with
results for developing non-platinum-based drugs. Further, in
pursuit of the above-mentioned purpose, transition metal tita-
nium has attracted attention because of its low toxicity and
relatively high abundance in the earth's crust that furnishes
desirable metal cations in the field of interest. Because of the
hydrophobic nature of alkoxy groups and lower volatility of free
alcohols, titanium(v) alkoxides are frequently preferred over
tetra halides, allowing safer and swifter experimental process-
ing to develop new derivatives.* Tetravalent titanium(iv)
complexes have entered the clinical trial stage as the first
alternative non-platinum-based anti-cancer medications, e.g.
titanocene dichloride and budotitane proposed by Képf Mayer
in 1979 had appealing possibilities in the development of
effective and secure metallodrugs for the treatment of
malignancy.>® Two parent chemicals, cyclopentadienyl- and
diketonato-based titanium(v) complexes, were extensively
investigated against various cancer cells,**® and these drugs are
more active than cisplatin-resistant cell lines with lesser side
effects.’”'®

Transferrin (Tf) contributes only up to 39% of Fe(m) in
human blood, and it also binds with other metal ions ideally
hard Lewis acids. Tf enters cells by getting transferred through
transferrin receptors (TfR), which are overexpressed in
cancerous cells."?® The strong Lewis acidic nature of titaniu-
m(wv) classes enables it to disrupt more than 200 different bio-
logical (Lewis basic) processes in human body cell types
including cancerous ones. Due to the aqueous vulnerability of
titanocene dichloride, Sadler proposed that iron transport
protein transferrin (Tf) would be capable of providing a ‘Trojan
horse’ to supply exchangeable ions of Ti(wv) to quench the thirst
for iron by cancer cells.** After the formation of a stable Ti,-Tf
complex, it was transported intracellularly to endosomes,
leading to the release of Ti** ions upon coming into contact with
cellular ATP and subsequent binding to DNA/RNA nucleic acid
regions.'*?*

The anticipated mechanism for the transport of Ti(v) ions
bonded with proteins involves their release within the cells by
a chelating molecule. Indeed, Tf is bound with the hard acid
Ti(iv) more firmly than Fe(ur).>* Subsequently, it was proposed
that since cancer cells express more Tf receptors and have
a higher iron requirement than normal cells, Ti(iv)-bound Tf
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results in two anticancer impacts: an upsurge in cytotoxic Ti(wv)
consumption and the lack of necessary iron for cancer cells.*
Three types of programmed cell death (PCD) could occur there
and among those three, the foremost form is said to be
apoptosis (type 1), while autophagy (type 2) and regulated
necrosis (type 3) also exist.”® All these PCDs could be distin-
guished by alterations in cellular morphology as well as in
biochemical and biomolecular changes. Apoptosis was the most
prevalent type of planned cell death that has been projected for
titianocene dichloride. Apoptotic cells undergo membrane
blebbing (the creation of protrusions in the cell membrane), cell
shrinkage, nuclear fragmentation, DNA chromatin condensa-
tion and the formation of apoptotic bodies.*?**® Titanocene
dichloride is more prevalent in regions close to nuclear chro-
matin, where it covalently bonds to DNA and prevents further
multiplication of DNA.*” Several titanium derivatives, such as
budotitane and titanocene dichloride, were not submitted to
further clinical development in spite of their promising outputs
in in vivo and in vitro conditions due to their intensified reac-
tivity, side effects, ease of hydrolysis and meagre solubility in
a biological environment, resulting in a wide variety of metab-
olites, and this has limited the further development of anti-
cancer drug discoveries, and the properties of the active
species with their mechanisms have yet to be well
established.”*>**?%3' When Ti(iv) halo-salan alkoxides are
introduced as drugs, they induce cell death via apoptosis, which
demonstrates that halogen-substituents have a favourable effect
on aqueous stability. As initiation, MCF7 cells were exposed to
a phenola Ti(iv) complex that caused apoptosis and induced
cell-cycle arrest in the G,/M phase and targeted the endo-
plasmic reticulum (ER)/mitochondrial pathway.*'

Immal and co-workers synthesized different halogen-
substituted salan and salane supported titanium(wv) deriva-
tives, which exhibited significant cytotoxicity and induced
apoptotic cell death.>”** Salan (ONNO) and thiosalan (OSSO)
type associated titanium(iv) complexes displayed efficient anti-
proliferative activity against HeLa and Hep G2 cells, as re-
ported by Martin Griitzke et al.*®* Zohar Shpilt's research group
developed ONO-tridentate ligand-based mono-nuclear titaniu-
m(wv) derivatives that demonstrated effective cytotoxicity against
ovarian and colon cell lines.** Tshuva et al. developed new
complexes of titanium(v) coordinated with various salan ligand
systems and discussed their hydrolytic stability followed by
their anti-cancer activities against various carcinoma cell
lines.*** Significant cytotoxic studies against K562, MDA-MB-
361, Fem-x and HeLa cells were carried out with diamine
bis(phenolate) titanium complexes, considering their hydrolytic
behaviour, as reported by Soénia Barroso et al. in 2014.* Very
recently, (in 2023) a novel derivative of titanium(iv) incorporated
with diaminobis(phenolato)-bis(alkoxo) ligands also
established while investigating cytotoxicity towards colon HT-
29, human ovarian A2780 and HeLa cell lines.** Anastasia
Pedko et al. successfully developed [ONON] diaminobi-
s(phenolato) ligand supported titanium(iv) complexes and
evaluated their antitumor activities against colon HT-29 and
human ovarian A2780 cell lines with remarkable ICs, values
(0.6-13 puM after incubation for 72 h).*> In 2019, budotitane-
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based hexa-coordinated Ti(v) derivatives were tested against C6
(glioma), CHO (Chinese hamster ovarian) and HeLa cell lines
(5.6-6.2 uM).*

Novel biodegradable 2D titanium diselenide nanosheets
(TiSe, NS) were synthesized and applied for enhanced photo-
catalytic therapies, and photothermal collaborative anticancer
phototherapy caused cancer cells to undergo necrosis and
apoptosis through the HSP90/JAK3/NF-kB/IKB-o/Caspase-3
pathway.*** Park and coworkers described vacuolisation,
expanded ER and mitochondria in MH-S murine alveolar
macrophages by TiO, nanosheets (ca. 400 x 400 x 2 nm) and
determined that the mechanism of action was induced para-
ptosis followed by apoptosis.**?

In the present era, a considerable number of research reports
have emerged on the development of novel drugs, with regard to
their cytotoxic profile with improved eco-friendliness and sup-
pressed side effects while modifying the structures of metallo-
drugs and associated various ligands that have led to versatile
metal complexes with remarkable potential as anti-cancer
agents. Therefore, parallel to Ti(iv) compounds a few signifi-
cant different metal compounds have also been described to
examine their present and future prospects.”* A set of three
Pt(u) derivatives associated with dicyclopentadiene (DCP) and
dithiocarbamates (DTCs) have been established, which showed
greater cytotoxicity (in vitro MTT assay) against numerous
cancer cell lines, i.e. CHL-1, MDA-MB-231, A549 and B16. It is
interesting to mention here that on injecting B16 melanoma
cells into the right flank of specific-pathogen-free (SPF) mice, Pt-
23 at a dose of 8 mg per kg per week inhibited the formation of
tumors.*? Chiral complexes of Au(u) incorporated with 2-aryl-
pyridine-Au(mr)Cl(alkyl-DuPhos) appeared to be anticancer
drugs against 4 antagonistic tumor cells i.e., H460, MDA-MB
468, MDA-MB-231 and glioblastoma (BT-33) at micromolar
concentrations (ICs, 1.3-3.8 puM), and these gold derivatives
were compared with the pioneering drug cisplatin (4.16 puM).
The findings of the investigation reflected a reduction in
tumour growth of 4T1 cancer cells after injecting a 10 mg kg™
body weight dosage into BALB/c mice compared to untreated
control mice.”” A series of mitochondria-targeting Cu(u)
complexes have been reported to assess their cytotoxicity
against five cell lines, HL-7702, MGC80-3, T-24, SK-OV-3, and
HeLa cells, and normal cells, where they exhibited lower toxicity
but greater anti-proliferative efficacy (4.3-5.6 pM) against HeLa
cells than cisplatin. Apoptosis was observed from the outcomes
of ER stress and cell arrest in the S phase. Tested metal
complexes successfully stopped the growth of HeLa xenograft
tumours in an in vivo mode of analysis.*®® Very recently, an
evaluation of cytotoxicity for thiosemicarbazone ligand sup-
ported Ru(u) derivatives towards numerous cancer cell lines,
including PANC-1, MDA-MB-231 and MCF7, exhibited extraor-
dinary activity in in vitro cytotoxicity, showing superior activity
(16.81 to 32.15 uM) over conventional medicines (cisplatin and
gemcitabine).*** Furthermore, the cytotoxicity of a novel
complex of Pd(u) incorporated with the ligand 2,2'-(pyridin2-
ylmethylene)bis(5,5-dimethylcyclohexane-1,3-dione) was evalu-
ated against diverse human cancer cells (HCT116, HepG2, MDA-
MB-231 and A549) along with normal cells (WI-38), and it
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demonstrated remarkably lesser toxic effect against normal
cells and showed significant activity on HCT116 cells (11 pM).*¥

The main objective in developing effective and safer anti-
cancer drugs is to damage DNA via various binding mecha-
nisms: e.g., hydrophobic binding to the minor groove, interca-
lation and electrostatic binding. Moreover, intercalation can
result in significant changes to the length of the DNA helix,
stiffness and unwinding that have powerful impacts on DNA
replication and transcription.***” Human serum albumin (HSA,
66.5 kDa) is the most prevalent protein in human plasma; it
binds with various ligands associated with metal complexes at
various locations, and it plays a vital role in the transport and
control over the bioactivity of titanium(wv) derivatives, including
cytotoxic drugs. The binding interaction of BSA (75% sequence
identity with HSA) with derivatives of titanium(wv) facilitates
determination of the affinity constant and primary coordination
sites.” Bovine serum albumin is a globular protein that appears
almost spherical, regulates blood pH, and osmotic pressure as
well as being a transporter for various endogenous and exoge-
nous chemicals, including lipids, metals, amino acids,
hormones and medication. Details about the distribution, free
concentration and metabolic activities of drugs were provided
by observations on the interaction between drugs and BSA.*
The adsorption strength and mobility of binding characteristics
are helpful in the study of pharmacokinetics and in designing
dose formulation. Such behaviour of drugs is significantly
influenced by the discrete surface features and energy of the
proteins. The structural resemblance to BSA is frequently
employed to estimate the toxicity of HSA.*® Hexacoordinated
titanium(v) derivatives have also been developed®** along with
their demonstrated cytotoxicity, antibacterial and anti-oxidant
characteristics, binding patterns with BSA** and DNA*® and
catalytic activities for polymerization reactions.*>°

Thus, inspired by the spectacular and inspiring multiple
pieces of work cited above, we synthesized five new class of
homoleptic mononuclear derivatives of titanium(iv) (TiH,L'-
TiH,L’) coordinated with ONO-sites of ligands and character-
ized them with relevant spectroscopic tools. Subsequently, BSA,
CT-DNA binding interactions, molecular docking and cytotox-
icity against HeLa and A549 cell lines were investigated. Since,
there are only a few research reports available in closely related
fields, the current findings in this article, while encompassing
the primary mechanism of titanium(iv) complexes interacting
with BSA and CT-DNA, may cause a potential cascade of
interest. The cytotoxicity of TiH,L>-TiH,L* has been evaluated
against HeLa and A549 cell lines by employing an MTT assay.
The cell cycle analysis, ROS quantification by DCFH-DA staining
assay and Annexin V-APC/PI for apoptosis detection assay were
used to find out the apoptosis of HeLa cells.

2. Results and discussion
2.1 Synthesis and structural characterization

The ligand derivatives (H,L'-H,L’) in this present research
work were prepared and purified by established methods.*
Spectral data (*H, **C and FTIR) of these ligands (H,L'-H,L’)
are provided in the ESI (Fig. S1-S61). Then, a THF (10 mL)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solution of tetraisopropyl titanate (TPT) was refluxed with the
ligand concerned (H,L'-H,L’) in 1: 2 stoichiometry (Scheme 1)
for 24 h to furnish the corresponding titanium(v) derivative
(TiH,L'-TiH,L®). Once completion of the reaction had been
assured, excess solvent was driven off at low pressure; then, the
resultant crude product was washed thrice with ethyl acetate/n-
hexane (3:7) to obtain the neat form of the final product as
a reddish brown solid in remarkable yield (>80%). The struc-
tural elucidation of newly developed complexes TiH,L'-TiH,L’
was carried out using relevant spectroscopic techniques, such
as NMR (*H and "*C), FTIR and HRMS with all spectral data
available in Fig. S7-S13.7}

2.2 NMR spectra of TiH,L'-TiH,L’

Proton NMR spectra of complexes TiH,L'-TiH,L> with the
disappearance of a couple of free OH protons from the ligands
(H,L'-H,L") in the range of 10.05 to 15.23 ppm is signature
evidence for bond formation between the phenolic oxygen and
central metal Ti. Fig. 1 displays the proton NMR spectra of
Ti(OPr'),, untreated ligands (H,L*) and complex TiH,L* for
comparative study, where the methyl and methyne protons of
Ti(OPr’), were located from 1.17 to 1.18 ppm and 4.40-
4.43 ppm. After complex formation, isopropoxy groups and free
OH protons at 15.06 and 10.09 ppm had completely vanished.
Further, the imine protons of TiH,L"'-TiH,L> were observed as
singlet peaks in the range of 8.31-10.42 ppm, and the rest of
aromatic protons were found as expected (6.83-8.26 ppm) to
authenticate the formation of new complexes. In addition, *C
NMR spectra demonstrated the complete disappearance of
isopropxy moieties i.e. methyl and methyne carbons at around
21.71-26.42 and 64-70 ppm, respectively. Phenolic carbon (C-
0), carbon bonded with nitrogen as single (C-N) and double

HNO;,

NH, CHO
7 X
R OH

H,L': R=H
H,L%: R=F,
H,L3: R=C
H,L* R =Br,
H,L5%: R=NO,
TiH,L': R=H
TiH,L?: R=F,
TiH,L3: R=CI
TiH,L*: R = Br,
TiH,L5: R = NO,

NaNOj3, Na,CO;

—_—
H,O, rt, stirring 4 hr
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(C=N) bonds of ligand moieties appeared at 163.82-
164.06 ppm, 145.15-150.94 ppm and 151.22-151.25 ppm,
respectively. Thus, NMR spectral data strongly verified the
successful formation of mononuclear titanium(iv) complexes
(TiH,L'-TiH,L").

2.3 FTIR spectra of TiH,L'-TiH,L’

The reliable vibrational stretching frequencies of newly devel-
oped titanium(iv) complexes TiH,L'-TiH,L®> were examined by
matching them with the authentic bonding pattern of the
relevant free ligands H,L'-H,L’. Deprotonation of broad OH
peaks (3036-3076 cm ™ ') of the free ligands and generation of
corresponding new strong peaks ranging from 432 to 493 cm ™
in all the complexes revealed bond formation of Ti-O in
respective derivatives (Table S1t).*> Significant stretching
frequencies of C=N and phenolic C-O peaks from the ligand
moieties were clearly visible at around 1603 cm ™" and 1229 to
1258 cm™ ", respectively. Subsequently, Ti-N and Ti-halogen
bond stretching frequencies were located at 533-546 cm ™" and
735-743 cm ', respectively. Moreover, these vibrational spectra
verified the elimination of all four isopropoxy moieties from
Ti(OPr'), by coordination with corresponding ligands to appear
as new complexes. The FTIR spectra of TiH,L'-TiH,L® are dis-
played in Fig. S12.1 The FTIR spectra of all the complexes of
Ti(v) displayed stretching frequencies from 533 to 546 cm ™'
because of the appearance of the new bond Ti-N (of the ligand),
emerging as more evidence for the octahedron of Ti(w)
derivatives.*?

2.4 Photo-physical studies

Absorption and emission spectra of titanium(iv) complexes
(TiH,L'-TiH,L*) were measured in a mixture of DMSO and

N CHO
OH
EtoH NH,
reflux 90 °C, 6 hr @E

OH
No \
R N N

OH HO

H,L'-H,L5

THF

reflux 90 °C, 24 hr | Ti(OPr),

N
R/@zN\N /Q\N /@
0\¢ O
T

0/ Ti\o R
O oA

TiH,L'-TiH,L5

Scheme 1 Sketch of how to obtain ligands (HoL'-H,L®) and their titanium(v) derivatives (TiH,L!=TiH,L5).
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Fig.1 H NMR spectra: (a) Ti(OPr)4, (b) H.L* and (c) TiH,L%.

water (1:1) at 298 K, and the photophysical data are given in
Table 1.** Fig. S141 shows the absorption spectra of the ligands
(H,L'-H,L®) and newly synthesized titanium(iv) complexes
(TiH,L'-TiH,L"). The representative intra-ligand (m-m*) tran-
sitions were located at 349-375 nm, and after the formation of
metal complexes, these transitions were shifted in the range of
371-470 nm due to metal to ligand charge transfer (MLCT),
where the highest absorbance was observed at 470 nm in the
nitro-substituted metal complex (TiH,L%). MLCT peaks under-
went a red shift with an increase in the value of the extinction
coefficient. Similarly, the emission spectra (MLCT) were also
recorded and found to be between 400 and 600 nm. Complex
TiH,L> exhibited strong absorption and emission spectra that
were highly intense because of 7 conjugation due to the avail-
ability of a strong electron-withdrawing group (NO,). The
quantum yield of the prepared complexes was calculated using
eqn (1) from the emission spectra of the corresponding
complexes. UV-visible absorption bands of the derivatives
showed a red shift (371-470 nm) due to n-w* transitions

Table 1 Photophysical properties, solubility, lipophilicity and conduct

(MLCT) while forming new bonds of Ti-O and Ti-N in all five
Ti(iv) derivatives because the nitrogen lone pair could also
participate in bond formation with the central metal to furnish
stability through hexa-coordination.***®

2.5 Stability studies by UV-visible spectroscopy

Potential therapeutic agents should depend on a stable chem-
ical entity present on them. Stability studies of TiH,L'-TiH,L’
were investigated by a UV-visible technique. To carry out an
investigation of stability, two different media, 10% DMSO/water
and 1 mM GSH (glutathione), were considered. The absorbance
of samples was recorded at regular intervals such as at 0, 24 and
48 h for 10% DMSO and at 0, 12, 24 and 48 h for GSH, and the
relevant findings are exhibited in Fig. S15 and S16,t respectively
(Table 1). Derivatives TiH,L'-TiH,L® were found to be stable in
the appropriate medium, and their absorption bands displayed
only minor variations over the time period of 48 h. These
observations suggested that these complexes could make good
pharmaceutical candidates for bioassays since they were

ivity studies of TiH,L!~TiH,L>

AME (S m”* mol ™)

10%
Complexes Amax” (nm) 2 (nm) Stokes shift oD° e Mt em™) (@7° log Py DMSO DMSO
TiH,L* 371 422 51 0.51 17 000 0.2349 0.57 6 34
TinL2 378 430 52 0.53 17 666 0.2243 0.95 7 33
TiH,L? 388 441 53 0.57 19000 0.3080 1.42 7 46
TiH,L* 389 427 38 0.50 16 666 0.2294 1.18 6 34
TiH,L? 470 554 84 0.76 25333 0.1620 0.83 6 30

“ Absorption maxima. ” Maximum emission wavelength. ¢ Optical density. ¢ Extinction coefficient. ¢ Quantum yield. / n-octanol/water partition

coefficients; and. ¢ Conductance in DMSO and 10% aqueous DMSO (complex concentration 3 x 10~> M).
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appreciably stable in the medium used. It is typically believed
that substances, which can form aqua complexes in a biological
environment and facilitate binding with DNA base pairs
through a covalent mechanism of action, damage the DNA
structural pattern to inhibit uncontrolled proliferation of
cancer cells; thus, these drug molecules could be claimed as
potential therapeutic agents. The findings collected from UV-
visible examination revealed that the five complexes TiH,L"'-
TiH,L> possess significant aquatic stability with a mild hypo-
chromic shift in their corresponding absorption bands.

2.6 Solubility, lipophilicity and conductivity

The potential tumor-inhibiting nature and pharmacother-
apeutic values of drug molecules are strongly influenced by the
lipophilicity and hydrophilicity of the metal complexes. The
newly developed titanium(iv) derivatives were fairly soluble in
aprotic solvents (DMSO and DMF), but the solubility was
moderate to good in protic solvents (H,O, MeOH, and EtOH),
and they were almost insoluble in a hydrocarbon medium. The
solubility ranges for each of these derivatives were observed
between 4 and 10 mg mL ™" in DMSO : DMEM of 1: 9 (v/v) at 25 ©
C. The cellular accumulation and oral bioavailability of drugs
were assessed by their lipophilicity. The n-octanol/water parti-
tion coefficient (log P) is a significant requirement in many in
vitro pharmaceutical techniques. The partition coefficient of n-
octanol/water (log Py, Where P, = the octanol/water partition
coefficient) was examined by using the shaken flask method.
Experimental log P, values of all titanium(iv) derivatives were
obtained between 0.83 and 1.42 (Table 1), and plots are made
available in Fig. S17.f Chlorine and bromine substituted
complexes TiH,L® and TiH,L* exhibited pretty high log P,
values because of the more lipophilic character of halogens,
which appeared to enhance nuclear accumulation.

The descending order of lipophilicity for the derivatives
could be expressed as TiH,L® > TiH,L* > TiH,L> > TiH,L> >
TiH,L'. The molar conductivities of TiH,L'-TiH,L> were found
to be in the range of 6 to 7S m®> M~ in DMSO. However, in 10%
DMSO/water medium, molar conductivities were increased by
more than 5 times (30 to 46 S m®> M~ "). This enhancement in
conductance could be credited to ionisation and aqua
complexation. Further, the cationic behaviour of the titaniu-
m(v) complexes was amplified with increases in the concen-
trations of GSH and DNA, reflecting the higher cationic
properties of titanium(iv) derivatives as a crucial property of
drugs to treat cancer cells.

2.7 Density functional theory

Computational studies of the synthesized ligands (H,L'-H,L?)
and their titanium(iv) complexes (TiH,L'-TiH,L*) were catried
out by the combined DFT-B3LYP method using Gaussian 09
computational codes. Different quantum-chemical parameters
were calculated by applying B3LYP/6-31G**/LanL2DZ ECP
methods, such as molecular energy, ESP charges, the energy of
frontier molecular orbitals and bandgap. The highly preor-
ganized planar geometries of the ligands (Fig. S18f) and
tentative octahedral geometry of TiH,L'-TiH,L’> are clearly
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exhibited (Fig. S19%). The electrostatic potential mapped onto
the constant electron density surface for the optimized geom-
etry on the van der Waals surface. This is also very useful in
research into molecular structures with their photophysical
properties as well as hydrogen bonding interactions in the free
ligands and in their titanium(iv) complexes. The maximum
negative region, which is the preferred site for electrophilic
attack, is indicated by a red colour and the maximum positive
region, which is the preferred site for nucleophilic attack, by
a blue colour (Fig. S20f). The dipole moments of the free
ligands are almost halved after complex formation with tita-
nium. A comparison of the frontier molecular orbitals (FMOs)
with the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) with the energy gap
between HOMO and LUMO of all the free ligands (Fig. S21t) and
their titanium(iv) complexes were calculated and are displayed
in Fig. 2 and Table S2.7 The ligands exhibit a band gap energy
ranging from 3.01 to 2.54 eV, whereas upon coordination with
titanium(wv), the band gap shrank in the range of 2.67 to 2.38 eV.
Further, the energy gap (AE) is an important parameter to
characterize the chemical reactivity and kinetic stability of the
molecule.®* A smaller energy gap facilitates easy charge transfer
that influences the biological activity of the molecules. The
energies of frontier molecular orbitals (Exomo and Epymo) and
AE could be attributed to the eventual charge transfer interac-
tion within the molecule and electronegativity (x), chemical
potential (u), global hardness (n), global softness (S) and global
electrophilicity index (w) are listed in Table S2.} ** The impor-
tance of these parameters is to measure molecular stability and
reactivity. The electrophilicity index is one of the most impor-
tant quantum chemical parameters in describing the toxicity of
various pollutants in terms of their reactivity and site selectivity;
the electrophilicity property also quantifies the biological
activity for drug-receptor interaction.

TD-DFT calculations of ground-state optimized geometries
were performed, and studies of corresponding electronic tran-
sitions with their associated orbital contributions were also
carried out. The free ligands display two electronic bands, the
first appearing in the range from 469.62 to 551.39 nm for weak
charge transfer bands, and the second one being observed in
the region from 366.04 to 377.94 nm for strong ™ — w* tran-
sitions (Fig. S227). Similarly, after complex formation a couple
of absorbance bands were again visible as intense bands (395.91
to 417.39 nm) depicting © — 7* transitions, and weak charge
transfer bands were detected in the range of 565.94 to
577.05 nm because of ligand to metal charge transfer (LMCT).
Interestingly, experimental and predicted absorbance bands
were found to be closely comparable, and their characteristic
electronic transitions are made available in Table S2.7 More-
over, the predicted UV-visible spectra of free ligands and their
titanium(iv) complexes are displayed in Fig. S14.t

DFT optimized geometry of the complexes (TiH,L'-TiH,L")
displayed distorted octahedral geometry