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Biological membranes are potentially involved in the transport of metal ions, such as Ti(v), and, some-
times, their associated ligands. Understanding the interactions of Ti(iv) ions and complexes with biological
membranes provides a basis for elucidating the action mechanism of titanium anticancer drugs. Herein,
we investigated the interactions of two neutral titanium(v) complexes, viz. [H,Ti(Cat)s] (1) and [HTi
(Napht)s] (2), incorporated into DOPC multi-bilayers using ATR-FTIR spectroscopy. Infrared results
showed that complexes 1 and 2, when interacting with DOPC multi-bilayers, highly affected the hydration
of the lipid phosphate group and its mobility, revealing that the phosphate group is the main group
involved in the interactions of complexes 1 and 2 with DOPC phospholipids. NMR studies involving
complex 1 and DOPC dissolved in deuterated DMSO solution were performed, and interactions between
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the Ti complex and DOPC phosphate group could be evidenced. DFT calculations of model complexes
were in good agreement with experimental data, and the stability of three model complexes was esti-
mated. On the basis of the obtained data, it can be suggested that the oxygen atom(s) of the phosphato
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Introduction

Titanium is usually characterized by its low toxicity towards
living matter, making it a valid target for applications in bio-
inorganic chemistry, especially in the domain of new anti-
cancer therapies."”” These novel treatments aim to diminish
the side effects of the already marketed metal-based che-
motherapies. About 40 years ago, interest in titanocene
dichloride and budotitane in this field was demonstrated.®’
Although these compounds have not yet succeeded in entering
the antitumor market owing to their lack of stability in the
human body, numerous analogues have been synthesized
since then. For compounds based on Ti(w), the issue of their
uptake into the intracellular medium and thus their transport
across cell membranes has been raised.'®"? It was considered
that the metal is transported when associated with proteins
adapted for the uptake of Fe-like transferrin or serum
albumin."° The interaction of metal complexes with the bio-
logical membrane presents considerable challenges and pro-
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group of the DOPC ligand acted as donor atoms for Ti.

vides a basis for elucidating the mechanism of penetration of
titanium anticancer drugs into cells.

Cell membranes perform a variety of functions in cell
biology and typically consist of a lipid bilayer with a zwitter-
ionic phosphocholine (PC) lipid as the major component. In
previous studies on the interaction of lipids with titanium,
TiO, solid surfaces were used.>’* A stable lipid bilayer sup-
ported on titanium oxide represents an attractive platform for
several applications, including biosensor development and
device fabrication. An interesting example of the fusion and
adsorption of the inverse phosphocholine liposome DOCP on
the TiO, surface was demonstrated,>* where phosphate groups
directly bound to the TiO, surface, forming strong chemical
interactions. In addition, DNA adsorption on TiO, nano-
particles was described to occur mainly via the phosphate
backbone.*

To the best of our knowledge, very few studies on the inter-
action of titanium(iv) complexes with lipid membranes have
been reported thus far. One specific investigation highlighted
the ability of a Ti(iv)-metallocene species to enhance the per-
meability of a liposomal membrane. However, this study did
not specify the mode of binding between the organometallic
Ti(iv)-species compound and phospholipids.>® Additionally, it
should be noted that several studies devoted to the description
of the interaction of Ti(iv) complexes with phosphoesters on
nucleotides have been reported.>”*® Besides, we have recently

This journal is © The Royal Society of Chemistry 2025
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been interested in the involvement of Ti complexes in biology;
in this regard, we recently synthesized monomeric Ti(wv) com-
pounds based on a TiO,N, core containing a luminescent
diimine ligand for biological applications.”> We address the
issue of the interaction of Ti complexes with a lipid model
membrane made of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) multi-bilayers using polarized attenuated total reflec-
tion-Fourier transform infrared (ATR-FTIR) spectroscopy. To
determine which molecular group of the lipid represents the
driving force for the interaction with the Ti(iv) compounds,
further investigations using solution NMR spectroscopy, mass
spectrometry and DFT calculations are implemented.

Results and discussion

Two titanium(iv) complexes were used, namely the catecholato
and naphtalenediolato Ti complexes [H,Ti(Cat);] (complex 1)*°
and [H,Ti(Napht);] (complex 2),** which were synthesized by the
reaction of Ti(OiPr), with catechol (H,Cat) and 2,3-dihydroxy-
naphthalene (H,Napht), respectively (Chart 1). These two com-
pounds are selected for the present investigation because catecho-
lato-based ligands are known to form Ti(v) species, displaying
good stability in aqueous media.>*>* Additionally, catechol
(CatH,) associated with Ti(wv) is labile enough to be displaced
from the coordination sphere of the metal ion,*® permitting the
reaction of the Ti(v) ion with coordinating biological molecules.
Therefore, complexes 1 and 2 are relevant candidates for mimick-
ing the general behaviour of Ti(iv) complexes in biological matter.

Polarized ATR-FTIR study of titanium(iv) complexes in
interaction with DOPC multi-bilayers

ATR-FTIR spectra were recorded for the samples of complexes
1 and 2, both as dried films from a solution in methanol. The
data obtained for the dry films are shown in the ESI (see
Fig. S1a and bt). Two strong bands at 1251 and 1477 cm™*
were observed in the IR spectrum of complex 1, which can be
tentatively assigned to the C-O stretching vibration (1251) of
the coordinated catecholate and the C—=C stretching vibration
of the catecholate ring (1477) (see Fig. Slat). For complex 2,
bands at 1255 and 1458 cm™" were detected and could be ten-
tatively attributed to the vco and vc—c modes, respectively
(see Fig. S1bt). Similar bands for the vc o and vc—c modes
have been previously reported®®?” for analogous titanium(iv)
and copper(un) complexes containing a catecholato ligand.

We further investigated the interactions of complexes 1 and
2 with a model phospholipid membrane. We used a model

) QO 0)

complex 1 complex 2

Chart 1 Structure of complex 1 and 2.
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membrane system made of single zwitterionic lipids, DOPC, as
it constitutes the main lipid in mammal membranes.*® We
performed polarized ATR-FTIR experiments to analyse the
structure of the Ti complexes in DOPC multi-bilayers and the
changes induced by the complexes upon interaction with the
lipids. The critical complex/lipid molecular ratio allowing the
visualization of changes in the lipid head groups and acyl
chain vibrations upon interaction with Ti complexes was
found to be around 1/20. Initially, we recorded the polarized
ATR spectra of DOPC multi-bilayers hydrated with H,O
(Fig. S21). In the spectral range between 1850 and 950 cm™*
(Fig. S2at), four main bands were observed at 1728, 1465, 1226
and 1086 cm™' and assigned to the y(C=O0), §(CH,) and
Vass(PO,”) vibrational modes of the lipid, respectively.*’
Within the 3000-2800 cm™ spectral region (Fig. S2bt), two
bands of interest originating from the vibrations of the lipid
hydrocarbon chains that form the hydrophobic core of the
lipid multi-bilayers were found. These bands near 2923 and
2854 cm ™' were assigned to the methylene antisymmetric
stretching (v,s(CH,)) and methylene symmetric stretching
(vs(CH,)) modes of the lipid, respectively. The frequencies of
these bands are known to be sensitive to changes in the con-
formation of the acyl chains, in chain mobility and packing.*®
The observed values of both v,ss(CH,) bands of DOPC multi-
bilayers are characteristic of a conformational disorder of
hydrocarbon chains, indicating that these multi-bilayers were
in a phase of fluid lipids at room temperature (22 °C). The
DOPC multi-bilayers comprise unsaturated dioleyl chains
(C18:1) with a negative phase transition (—15 °C to —20 °C).
The lipid bilayers are oriented at the surface of the ATR crystal
by shearing (see Materials and methods), and the dichroic
ratio (Rarg) of the 5(CH,) band reflects the acyl chain orientation.
The Ryrg value of the v5(CH,) band (1.47 on average) of the DOPC
multi-bilayers (Fig. S2bt) indicates the presence of an oriented
system.>* Upon the interaction of Ti(iv) complexes with the
bilayers at a 1/20 complex/lipid ratio (Fig. S3b and S4bf), there is
a downshift of the v (CH,) by 2 em™ in the case of complex 1
(Fig. S3bt), indicating an increase in the acyl chain order. This is
confirmed by the evolution of the dichroic ratio (Rarg) of the
vs(CH,) band of the lipid chains, which is measured on the polar-
ized ATR spectra (Fig. S3b and S4bf).*"** Indeed, because the
transition moment for the v5(CH,) mode lies perpendicular to the
chain axis, the introduction of order or disorder alters the direc-
tion of the main chain with respect to the normal of the ATR
crystal.”> The observed Ry of the vy(CH,) band decreases in the
complex 1/DOPC system (1.16 in average) (Fig. S3b}) compared to
the lipid alone (1.47 in average) (Fig. S2bt), while the Ryrg of the
2854 cm™' feature does not change considerably between the
lipid alone and complex 2 in DOPC (Fig. S4bt) (from Rarg = 1.47
to Ryrr = 1.33). This corresponds to a reorientation of the lipid
chains from approximately 45° compared to the normal to the
interface (the average C-C-C angle of the lipid carbon chains) for
the lipid alone to 38° and 42° in the presence of complexes 1 and
2, respectively.*?

The ester carbonyl stretching (¢(C=0)) band is one of the
most intense signals from the lipid polar head group. Its fre-
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quency is sensitive to hydrogen bonding and thus provides
information about the state of hydration of the lipid.**** A
small increase in the frequency of the y(C=O) band from
1728 cm™" in hydrated DOPC multi-bilayers (Fig. S2at) to
1730 cm™" in the complex 1/DOPC mixture (Fig. S3at) spectra
was obtained. This change indicates a small decrease in the
hydration of the interfacial carbonyl groups of the lipid mole-
cules; these frequencies were assigned previously to hydrogen-
bound carbonyl groups.**** For the v4(CH,) band, the dichroic
ratio of y(C=0) ester band of the lipids decreases from 1.70
for the DOPC alone to around 1.27 and 1.13 in the presence of
complexes 1 and 2, respectively (see Fig. S2a, S3a and S4af).
This indicates that the orientation of the C=O ester carbonyl
head groups was perturbed by the Ti complexes. These slight
changes in the hydration and orientation of the lipid carbonyl
groups may be explained by their close proximity to the Ti(wv)
complexes.

Finally, we report the ATR-FTIR spectra in the range
1300-950 cm™' where symmetric and antisymmetric PO,~
stretching vibrations originating from the phosphate head
group of the lipid are typically observed (Fig. 1). The v,5(PO,")
and v4(PO,") vibrations of the hydrated DOPC multi-bilayers
yield bands at 1226 and 1086 cm™", respectively (Fig. 1, black
curve).*” Interaction of Ti complexes with the lipid bilayers
induces broadening and splitting of the v,4(PO,”) band into
two bands located at 1226, 1246 and 1226, 1258 cm™' in
complex 1/DOPC and complex 2/DOPC mixtures, respectively
(Fig. 1, blue and red curves). Because the v,4(PO,~) vibration is
sensitive to hydrogen bond formation,*®*” its frequency indi-
cates some degree of hydration of the phosphate group in the
lipid layers. In mixtures of DOPC and Ti complexes, there are
two DOPC species: one with a hydrated phosphate group

1 1 1 X1 0-31

Absorbance (a.u.)

T T T T T T T T v T b T * !
1300 1250 1200 1150 1100 1050 1000 950
Wavenumbers (cm™)

Fig. 1 ATR-FTIR spectra highlighting the interaction of titanium com-
plexes 1 and 2 with DOPC multi-bilayers at room temperature. Black
curve: spectrum of DOPC multi-bilayers hydrated with H,O. Blue and
red curves: spectra of complexes 1 and 2, respectively, inserted into
DOPC multi-bilayers at a complex/lipid ratio of 1/20 and hydrated by
H,O.
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(band at 1226 cm™') and one with a dehydrated phosphate
group (band at 1246 cm™" in the presence of complex 1 and at
1258 cm ™" in the presence of complex 2). These new band fea-
tures at 1246 cm " and 1258 cm ™' in the presence of com-
plexes 1 and 2, respectively, may be associated with the for-
mation of a DOPC-Ti complex involving the phosphate head
group of DOPC. In addition to its interaction with the phos-
phate group, Ti(wv) causes the dehydration of this portion of
the lipid head group. In agreement with this hypothesis,
similar shifts towards higher wavenumbers for the v,4(PO,")
band feature previously observed for
phosphatidylcholine and phosphatidylserine.** Casal
et al.>* established a correlation between the state of hydration
of the phosphate group and its mobility in the presence of
Ca®" by infrared and *'P NMR. Furthermore, the marked
changes in the contours and the position of the v,4(PO,")
absorption band may indicate conformational changes that
alter the orientation of the phosphate head group of the lipid
in the mixed Ti complex/DOPC bilayers. The dichroic ratio of
the v,4(PO,”) band at 1226 cm™" of the lipid changes slightly
between DOPC and Ti complexes/DOPC bilayers (from Rprg =
1.4 to Ryrr = 1.17 (or 1.28)) (see Fig. S2a, S3a and S4at). This
small decrease in Ryrg Of v45(PO,”) band in the mixed Ti com-
plexes/DOPC bilayers reveals that the average orientation of
the phosphate group is slightly altered, which probably results
from the favoured access of Ti(w) to the phosphate group in
the phosphatidylcholine head group of DOPC. In addition to
the phosphate stretching bands, the spectra of the Ti complex/
DOPC mixtures contained bands at 1174 cm™" for complex 1
and 1172 cm™" for complex 2 owing to the antisymmetric CO-
O-C stretching vibration. Bands at 1066 and 971 cm™" due to
the symmetric CO-O-C stretching and antisymmetric (CH;);N"
stretching vibrations were also observed for both mixtures
(Fig. 1, blue and red curves). The shifts of these vibrational
modes appeared small for both mixture samples compared
with those of DOPC alone (Fig. 1, black curve).

To highlight the small but clear changes in the lipid head
group vibrations induced by the interaction of Ti complexes
with the DOPC bilayers, the difference spectra were generated
by subtracting the DOPC spectrum from the Ti complexes/
DOPC spectra (Fig. 2a and b, black curves). For the subtrac-
tion, the spectra are normalized with respect to the lipid band
at 971 cm™" to compensate for variations in the lipid concen-
tration in the samples. Indeed, very small changes occur in the
contour, intensity and position of the ¢((CH3);N'),s an absorp-
tion band when we directly compare the DOPC and Ti com-
plexes/DOPC sample spectra (Fig. 1).

In the difference spectra, only the vibrational modes of the
lipid that changed due to the interaction are observed. The
band observed at 1261 cm™" revealed the perturbation of the
PO, groups of DOPC due to the interaction with complex 1 or
complex 2 (Fig. 2a and b, black curves). However, the absorp-
tion band arising from the C-O stretching mode in complexes
1 and 2 spectra (i.e. the bands at 1251 and 1255 cm ™", respect-
ively) (Fig. 2a and b, gray dashed curves) seemed to interfere
with the phosphate absorption band of the lipid (ie. the

were
45,48
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Fig. 2 Gray dashed curves: ATR-FTIR spectra of complexes 1 and 2 as dry films from solutions in methanol (a and b, respectively). Black curves:
difference ATR-FTIR spectra calculated by subtracting the spectrum of DOPC multi-bilayers from the spectra of complex 1/DOPC and complex 2/
DOPC multi-bilayers (a and b). Both spectra in a and b were normalized to the same intensity for better visualization of the characteristic contri-

butions of complexes 1 and 2 in the respective difference spectra.

as(PO,7) band at 1261 cm™) (Fig. 2a and b, black curves).
Overall, it seems that the complexes mainly affect the phos-
phate group of the phospholipid upon interaction. Moreover,
the appearance of a large band at around 1037 cm™ in the
presence of complex 1 or complex 2 attributed to the »(COP)
mode (Fig. 2a and b, black curves) also indicates a modifi-
cation of the orientation of the C-O-P ester group after inter-
action between titanium(iv) complexes and the phosphate
group of the lipid. However, the difference spectra in the spec-
tral range of the C=0 ester carbonyl stretching were calculated
between the Ti complexes/DOPC spectra and the DOPC spec-
trum, as described above. Three bands centred around 1737,
1733 and 1730 cm™" in the presence of complex 1 and three
bands at 1739, 1730, and 1726 cm™' in the presence of
complex 2 were shown (see Fig. S5a and bt). The bands at
1737 and 1739 cm™" were attributed to free hydrogen carbonyl
groups,** while the bands at 1730 and 1726 cm ' (see
Fig. S5a1) as well as 1733 and 1730 cm™" (see Fig. S5bt) were
assigned to hydrogen-bound carbonyl groups in Ti complex/
DOPC mixtures.** The appearance of these different subpopu-
lations of carbonyl groups was previously observed®® and
suggested a different structural arrangement and environment
of the interfacial carbonyl groups of the lipid. Hence, Ti com-
plexes affect the interfacial carbonyl groups, which are prob-
ably located close to the lipid phosphate group that interacts
with the metal complexes.

Study of the interaction of a Ti(v) complex with DOPC by
solution NMR spectroscopy and mass spectrometry

We monitored the reaction of complex 1 with racemic DOPC in
solution at room temperature by "H and *'P{'"H} NMR. As pre-
vious studies performed with related Ti(wv) complexes required a

This journal is © The Royal Society of Chemistry 2025

prior dilution in DMSO before using these complexes in biologi-
cal media to assess their cytotoxicity,> DMSO was also employed
in the present investigation to dissolve the Ti complex.

First, we assigned the 'H resonances of pure DOPC in
DMSO-d; following the atom-numbering scheme represented
in Chart 2 (vide infra experimental data in Materials and
methods). The "H NMR spectrum of a solution of complex 1 in
DMSO-d; exhibited two aromatic signals at 6.45 and 6.13 ppm
(Fig. S67).

Then, in a preliminary experiment, we allowed DOPC to
react with a roughly stoichiometric amount of complex 1 in
DMSO-dg at RT, and we recorded the NMR spectra of the
resulting solution A. The *'P{'H} NMR spectrum of solution A
(Fig. S8bt) shows a new singlet at —7.32 ppm, in addition to
the phosphate signal of DOPC (§ = —1.07 ppm, see Fig. S8ct).
We observed on the 'H NMR spectrum of A (Fig. S91) the
signals of complex 1 and free DOPC together with those of a
novel species (compound 3); however, the conversion of DOPC
into compound 3 was rather low (ca. 35% estimated from the
deconvolution of the NMe;" signals, see Fig. $10 and S117).

Chart 2 Atom-numbering scheme for racemic DOPC.

Dalton Trans., 2025, 54, 4556-4565 | 4559
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At the next stage, we sought to increase the conversion of
free DOPC into novel compound 3; for that purpose, a large
excess of complex 1 (ca. 8 equiv.) was allowed to react with
DOPC in DMSO-d, (final solution B). Under these conditions,
the species identified in solution B by 'H NMR were as
follows: complex 1, present in large excess; compound 3, for
which the NMR signals could be fully identified and their inte-
grations determined (Fig. S12 and S131); and a small amount
of unreacted DOPC. From the deconvolution of the NMe;"
signals, the conversion of DOPC into complex 3 was estimated
to be ca. 95% (Fig. S10 and S147). In agreement with this state-
ment, the *'P NMR singlet at —7.32 ppm was very intense,
while the free DOPC signal was much weaker (Fig. S8at).

From the "H NMR signals of compound 3 in the aliphatic
and olefinic regions (0-5.5 ppm), we noted that the structure
of the DOPC was preserved. The chemical shifts of the protons
belonging to the hydrocarbon chains were roughly the same
for DOPC and 3. However, we observed that the chain protons
closest to the ester functions (and therefore to the coordi-
nation sphere) were slightly shielded in 3, in comparison with
DOPC (H7 in a position and H8 in p position: A§ =
—0.02 ppm). The resonances of the choline protons H2 and H3
were shifted to a higher frequency by ca. 0.1-0.3 ppm, as well
as the glycerol protons H4 (A5 = +0.21 ppm). Moreover, the
resonances of the glycerol H6 protons shifted to a lower fre-
quency by ca. 0.1 ppm. The trimethylammonium resonance
was almost unaffected (AS = +0.01 ppm).

In the aromatic region of the spectrum of compound 3, 2
catecholato broad signals at 6.37 and 6.05 ppm, each integrat-
ing for 4 protons, were observed (Fig. S12 and S137); this estab-
lished that two catecholato ligands coordinated only the metal
center. These signals were slightly shielded with regard to
those of complex 1.

All these NMR data suggest that compound 3 is a [Ti
(Cat),]-DOPC adduct. In analogy with the literature concerning
the interactions of phospholipids with titanium,**** and con-
sidering the coordinatively unsaturated sites on a [Ti(Cat),]
fragment, we can reasonably hypothesize that compound 3 is a
coordination complex of titanium, where DOPC acts as a
ligand of Ti through its phosphato donor group. Notably,
several titanium(iv) complexes bearing phosphato ligands have
been reported in the literature, but to the best of our knowl-
edge, they are only related to multinuclear (mostly binuclear)
complexes with bridging phosphates.>*>*

To check the nuclearity of complex 3, a "H DOSY NMR ana-
lysis of solution B was carried out. A partial view of the DOSY
2D map depicted in Fig. 3 focuses on the lowest measured
values of the diffusion coefficient, i.e. the species in solution
that have the highest hydrodynamic radii values. The aromatic
signals at 6.45 and at 6.13 ppm of complex 1, which was
present in excess in solution B, corresponded to a diffusion
coefficient D = 2.5 x 107"° + 10% m® s™' (logD = —9.60; see
Fig. 3b). This value was in perfect agreement with a control
DOSY analysis of the sole complex 1 observed after dissolution
of in DMSO-d. With regard to complex 3, characteristic DOSY
spots could be observed with D ~ 1.7 x 107*° + 10% m> s™*

4560 | Dalton Trans., 2025, 54, 4556-4565
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Fig. 3 'H NMR DOSY spectrum of solution B, exhibiting the signals of
complexes 1 and 3 in DMSO-dg (600 MHz). (a) Section from 0.7 to
6.5 ppm. (b) Zoom on the catecholato signals.

(log D ~ —9.77). They corresponded to the catecholato signals
at 6.37 and 6.05 ppm, and to some of the most intense 1D "H
NMR resonances of the DOPC part: viz. the hydrocarbon chain
protons (H7-23 and H7'-23, i.e. olefinic at 5.32 ppm, aliphatic
in the range 2.30-0.80 ppm), and the trimethylammonium
protons at 3.13 ppm. A control DOSY analysis of DOPC was
also recorded in DMSO-ds, which led to the value D = 1.7 x
107'% + 10% m® s~ (Fig. S157). Therefore, no clear distinction
could be made between the DOSY data of DOPC and complex
3. Overall, this DOSY study shows that (1) one DOPC and two
catecholato ligands are incorporated within the same species
(i.e., Ti complex 3), and their respective signals correspond to
the same diffusion coefficient; (2) the size of the complex in
the solution is similar to the size of the DOPC, and we can
deduce that complex 3 is monomeric.

This journal is © The Royal Society of Chemistry 2025
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A "H-"H NMR ROESY analysis of solution B revealed inter-
ligand proton-proton spatial proximity within complex 3
(Fig. 4). Specifically, NOE cross-peaks were observed, as shown
in Fig. 4a and b, between the catecholato H24 proton and
some of the DOPC protons (H1-6), which is consistent with
the representation of complex 3 proposed in Fig. 4c.

If we consider that Ti is an asymmetric center with A or A
configuration, the fact that only two catechol "H NMR signals

a)

5.8
| 5.9
H24 "160

n pe g oo O,
6.2
6.3
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16.5

J A
N
(8]

S2 S0 48 46 44 42 40 38 36
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H24 ZZ
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16.2
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6.4

\ 6.5

325 322 319 3.16 313 3.10 3.07 3.04 3.01

= o /@

(@)
|
ﬂ
l

coordination bond

Fig. 4 (a and b) Sections of the *H-"H NMR ROESY spectrum of solu-
tion B in DMSO-dg (500 MHz), exhibiting signals of complex 3. (c) The
proposed structural formula for complex 3. The cross-peaks reveal a
close spatial contact between one of the catecholate protons (rep-
resented in blue) and the DOPC protons (represented in red).
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are observed on the spectrum of 3 (vide supra) indicates that
both stereoisomers interconvert rapidly. This statement is sup-
ported by the literature related to tris-catecholato-"> or bis-cate-
cholato-coordinated®® Ti complexes. Besides, we noticed that a
few '"H and C NMR signals of complex 3 were split: for
example, in the "H NMR spectrum, the H6 doublet of doublets
(Fig. 5a), and in the "*C NMR spectrum, the C6 singlet and C4
doublet (Fig. 5b). This can be interpreted as the result of dia-
stereomers of 3 arising from two other stereocenters, which
are the carbon atom C5 and the phosphorus atom of DOPC in
all likelihood.>” This implies that the phosphato group coordi-
nates the metal with only one of its free oxygen atoms (Fig. 5¢),
and it excludes a ¥*0,0'"-coordination where P is not an asym-
metric center.

To confirm these findings with negative-mode electrospray
ionization mass spectrometry (ESI"-MS), we mixed complex 1

a)

e e A e e e e
4,24 422 42 4,18 4,16 4,14

b)
—r—— T T T T T—T—T—T— T
ppm 64 635 63 625 62

c) [Ti]©

Fig. 5 (a and b) Sections of 1D NMR spectra of solution B in DMSO-ds,

exhibiting a splitting of some of the signals of complex 3. (a) 'H NMR
(500 MHz): one of the H6 signals. (b) **C{"H} NMR (125 MHz): C4 and C6
signals (decreasing chemical shift). (c) The proposed partial formula for
complex 3 with stereogenic centers and partial numeration of the
protons and carbons.
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Chart 3 Schematic representation of the proposed structural formula of complex 4—6 investigated by DFT, and of complex 3.

with DOPC (ca. 1 equiv.) in methanol instead of DMSO.*® The
result was rather disappointing, as long as [Ti(Cat),(OMe)]”
was the overwhelmingly major detected species at m/z =
295.01. However, a signal was detected at m/z = 1080.60, corres-
ponding to [Ti(Cat),(DOPC)(OMe)]”~ with the proper pattern
(although with a very low intensity: 0.4%; Fig. S161). This may
support our conclusions drawn from the NMR data, i.e. the
presence of catecholato and DOPC ligands in the coordination
sphere of titanium. However, we are aware that one has to
remain cautious with such data obtained from different sol-
vents: it has been reported that the outcome of the reaction of
titanium(wv) with  phosphates is solvent
dependent.’*

complexes

Computational investigations

Density functional theory (DFT) calculations have been
implemented to obtain a more accurate idea of the nature of
complex 3. 1,2-Diacetyl-sn-glycero-3-phosphocholine (DAcPC)*°
was used as a model for DOPC to reduce computational costs
by avoiding the sampling of numerous conformers due to the
long alkyl chains present in DOPC. The optimized geometry of
the pentacoordinated complex [Ti(Cat),(k'-DAcPC)] 4 and the
hexacoordinated complexes trans-{Ti(Cat),(k'-DAcPC)(DMSO)]
5 and cis{Ti(Cat),(x'-DAcPC)(DMSO)] 6 (Chart 3) were
obtained via the GAUSSIAN 09 (Rev. D01)% software using the
wB97XD®" functional and a def2-TZVP basis set.”> Note that
for each complex, different starting conformations have been
considered, sometimes leading to different minimum struc-
tures. Herein, we discuss only the optimized structure of each
complex with the lowest energy. The XYZ structure files of the
optimized complexes are given in the ESIL.}

The computed energies of the three complexes are 5 E(4) =
—3082.59634069 Hartree, E(5) = —3635.85448309 Hartree and

4562 | Dalton Trans., 2025, 54, 4556-4565

E(6) = —3635.87640519 Hartree. Thus, a comparison between
the isomeric DMSO-coordinated complexes 5 and 6 reveals an
energy difference of 57.5 k] mol™", 6 being by far the most
stable isomer. We now consider the insertion of the DMSO
ligand into the coordination sphere of titanium, starting from
pentacoordinated 4 (eqn (1)).

complex 4 + DMSO — complex 6. (1)

An energy (AE) of —115.3 k] mol ™" is determined for this
reaction (with E(DMSO) = —553.236144767 Hartree), which is
in favor of complex 6.

Therefore, these DFT data allow us to propose a formula for
complex 3 (Chart 3), viz. cis[Ti(Cat),(x"-DOPC)(DMSO-dq)],
being analogous to 6. In support of this statement, we also
observe that some of the interligand NOE cross-peaks of
complex 3 represented in Fig. 4 are consistent with the short
H---H distances calculated for complex 6 (Fig. S19b¥).

Considering this formulation for complex 3, we estimated
the binding Ti-DOPC constant from the NMR analysis of solu-
tion B (vide supra) to be 7.0 + 5% (see details in the ESIT).

Conclusion

This study aims to determine the nature of the interactions of
a phospholipid with a discrete titanium(iv) complex, first by
the FTIR analysis of Ti complexes in DOPC multi-bilayers, and
second by the NMR analysis of solutions in DMSO-ds. The
latter results were supported by DFT calculations. For the first
time, we demonstrated that the interaction of both Ti(v) com-
plexes probably occurred with the phosphate head group of
the DOPC model membrane using ATR-FTIR spectroscopy. We
observed significant changes in the phosphate vibrational

This journal is © The Royal Society of Chemistry 2025
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modes of the phospholipid, which could mainly indicate the
formation of DOPC-Ti complexes. We therefore hypothesize
that this result can be correlated with the interaction mecha-
nism proposed for the adsorption of zwitterionic liposomes
with TiO, nanoparticles.** Moreover, small modifications in
the vibrational signals of CH, and C=O0 functional groups of
DOPC were observed in the Ti complex/DOPC mixture spectra,
resulting from the effect of the interaction between the phos-
pholipid and the Ti(iv) complexes.

Subsequently, NMR analyses performed on DMSO-d, solu-
tions resulting from mixing 1 with DOPC revealed the presence
of mononuclear Ti complex 3, comprising two catecholato
ligands and one DOPC ligand. Further, DFT calculations using
DAcPC as a model of DOPC allowed us to propose the formula
cis-[Ti(Cat),(x'-DOPC)(DMSO-d,)] for complex 3.

It is interesting to note that although the experimental con-
ditions for both spectroscopic analyses were radically different
(medium and initial Ti/DOPC ratio), they led to convergent
conclusions. Overall, this study demonstrates that titanium
complexes can interact with phospholipids and, hence, must
perturb the integrity of the cellular membrane. Thus, this
feature may explain the anticancer properties of certain types
of Ti(v) coordination compounds and permit the elucidation
of their modes of action.

Materials and methods
Chemicals

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) powder with a
purity of ~99% was purchased from Avanti Polar Lipids Inc. A
1 mM solution of DOPC was prepared by dissolving the powder
in chloroform of HPLC grade. Ultrapure water (Milli-Q, Millipore)
was used for all the experiments. CDCl; and DMSO-ds were
obtained from Eurisotop. For titanium complexes, complex 1 was
synthesized following a reported procedure;** and complex 2>
was obtained following the same procedure by replacing catechol
with 2,3-dihydroxynaphthalene (see ESI{).

ATR-FTIR spectroscopy of multi-bilayers

Stock solutions of DOPC in chloroform were mixed with tita-
nium complexes 1 or 2 (10 mM in methanol), followed by vor-
texing for 10 min. Solvents were removed by argon evaporation
and kept overnight in a lyophilizer. The gel was obtained by
rehydration of the pure lipid or complex 1 (or 2)/lipid mixtures
with H,O at the molecular complex to lipid ratio, Ri = 1/20.
Hydration ratios were higher than 70%. Multi-bilayers were
obtained by shearing a pure DOPC or mixed complex 1 (or 2)/
lipid gels at the diamond ATR crystal surface (Harrick Crystal,
Bruker, Germany) with a Teflon stick.®

The ATR-FTIR spectra of multi-bilayers®>*>**% were
recorded using a Vertex 70 FTIR spectrometer (Bruker, Germany)
equipped with an MCT (mercury cadmium telluride) detector and
an ATR (attenuated total reflection) Harrick crystal Diamond
Prism. The spectrometer was purged with dry air to avoid contri-
butions from humidity in the spectra. Because ATR spectroscopy

This journal is © The Royal Society of Chemistry 2025
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is sensitive to the orientation of the structures,®® spectra were
recorded with parallel (p) and perpendicular (s) polarization of
the incident light with respect to the ATR plate. The orientational
information is then contained in the dichroic ratio Rarg = Ap/As,
where 4; represents the absorbance of the considered band for
the p or s polarization of the incident light. The ATR-FTIR spectra
were recorded in the spectral range from 4000 to 800 cm ™" with a
scan velocity of 40 kHz. Generally, three spectra with a resolution
of 4 em™ (256 co-added scans) were averaged for each sample of
multi-bilayers.

The ATR-FTIR spectra of complex 1 and complex 2 samples
were performed as dry films from solutions in methanol. 2 pl
of each sample (10 mM) was deposited to obtain a thin film on
the diamond crystal. All experiments were carried out at 22 °C.

The ATR-FTIR spectra were recorded with Opus software
from Bruker (Opus. 6.0) and analysed with the Origin program
(OriginLab. 8.5).

NMR spectroscopy and mass spectrometry

Bruker Avance III HD-500 and Avance III-600 spectrometers
were used for the solution NMR analyses performed at 25 °C.
The 'H NMR spectra were recorded at 500.13 or 600.13 MHz
and referenced to SiMe,. The *'P{'"H} NMR spectra (broadband
decoupled) were recorded at 125.51 or 202.50 MHz and refer-
enced to 85% aqueous H;PO,. The C{'H} NMR spectra
(broadband decoupled) were recorded at 125.77 MHz and refer-
enced to SiMe,. The chemical shifts are reported in ppm.
Multiplicity: s = singlet, d = doublet, m = multiplet. The *C{'H}
signals are singlets unless otherwise stated. The NMR assign-
ments were supported by 2D NMR analyses; for the atom num-
bering scheme, see Chart 2 and Fig. 4c. Self-diffusion measure-
ments were performed at 600.13 MHz with a 5 mm PABBI
"H-"°F/X z-gradient probe, providing 300 G cm™ (30 G cm ' A1),
and applying a PFGSTE pulse sequence using bipolar gradients.
For each experiment, a total relaxation time of 5 s between each
scan was obtained, and 40 gradient strength increments from 5
to 95% were acquired. Diffusion time and gradient length were
set up at 30 ms, and between 800 and 1100 ps, respectively, so
that less than 10% of the original signal remains at the end. The
DOSY spectra were generated with Bruker’s Dynamics Center soft-
ware via multi exponential fitting of the data.

Negative-mode electrospray ionization mass spectra (ESI -
MS) were performed using a MicroTOF or a MicroTOF 1II focus
spectrometer (Bruker) equipped with an electrospray source.

NMR analysis of DOPC. '"H NMR (DMSO-ds, 600 MHz): &
5.35-5.28 (m, 4H, H14 + H14' + H15 + H15'), 5.06 (m, 1H, H5),
4.29 (dd, 1H, *Juy = 12.0 Hz, *Jyy = 3.0 Hz, H6), 4.08 (dd, 1H,
’Jun = 12.0 Hz, *Jyy = 7.4 Hz, H6), 4.04-3.98 (m, 2H, H3),
3.75-3.67 (m, 2H, H4), 3.52-3.47 (m, 2H, H2), 3.12 (s, 9H, H1),
2.29-2.22 (m, 4H, H7 + H7"), 2.00-1.95 (m, 8H, H13 + H13' +
H16 + H16'), 1.54-1.46 (m, 4H, H8 + H8'), 1.33-1.19 (m, 40H),
0.85 (m, 6H, H23 + H23'). *'P{'"H} NMR (DMSO-d,, 121 MHz): §
-1.07 (s). *C{'"H} NMR (CDCl;, 125 MHz): § 173.70, 173.34,
130.16, 130.15, 129.84, 129.82, 70.70 (d, *Jpc = 8 Hz), 66.65 (d,
3Jpc = 6 Hz), 63.51 (d, *Jpc = 6 Hz), 63.16, 59.40 (d, *Jpc = 5 Hz),
54.69, 34.47, 34.27, 32.06, 29.92, 29.91, 29.90, 29.68, 29.48,
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29.77, 29.42, 29.39, 29.34, 29.33, 29.30, 29.27, 27.38, 27.35,
25.11, 25.03, 22.84, 14.27.

Preparation of solution B and NMR analysis of complex 3.
DOPC (ca. 2 mg) was partly dissolved in 0.5 mL DMSO-d,, and
the suspension was mixed with a solution of complex 1
(3.4 mg, 9 pmol) in 0.5 mL DMSO-d¢. The resulting mixture
was filtered and immediately analyzed by NMR. Integration of
the resulting NMR signals showed that the initial 1/DOPC ratio
in the solution was ca. 8: 1.

"H NMR (DMSO-ds, 500 MHz): § 6.40-6.34 (m, 4H, H25),
6.08-6.02 (m, 4H, H24), 5.35-5.28 (m, 4H, H14 + H14' + H15 +
H15'), 5.12-5.02 (m, 1H, H5), 4.45-4.27 (m, 2H, H3), 4.20 and
4.19 (2 dd, 1H, %y = 12.2 Hz, Yy = 3.0 Hz, H6), 4.03-3.88 (m,
3H, H4 + H6), 3.65-3.59 (m, 2H, H2), 3.13 (s, 9H, H1), 2.28-2.20
(m, 4H, H7 + H7'), 2.00-1.95 (m, 8H, H13 + H13' + H16 + H16'),
1.53-1.44 (m, 4H, H8 + H8'), 1.33-1.19 (m, 40H), 0.85 (m, 6H,
H23 + H23'). *'P{'"H} NMR (DMSO-dg, 202 MHz): § —7.32 (s). *C
{'H} NMR (DMSO-ds, 125 MHz): 6 172.50, 172.29, 172.26, 159.37,
159.32, 129.67, 129.66, 129.58, 117.95, 110.27, 110.21, 70.04 (d,
3Joc = 7 Hz), 69.99 (d, */pc = 7 Hz), 65.22 (d, *Jpc = 7 Hz), 63.59 (d,
%Jpc = 6 Hz), 63.53 (d, *Jpc = 6 Hz), 62.13, 62.11, 59.17 (d, ¥Jpc = 5
Hz), 59.13 (d, YJpc = 5 Hz), 53.10, 33.55, 33.39, 31.32, 29.17, 29.15,
29.13, 28.87, 28.74, 28.69, 28.65, 28.63, 28.58, 28.55, 28.47, 28.44,
26.65, 26.63, 26.60, 24.48, 24.42, 13.98.

Abbreviations

H,Cat Catechol

H,Napht 2,3-Dihydroxynaphthalene

DOPC 1,2-Dioleoyl-sn-glycero-3-phosphocholine

ATR-FTIR Attenuated total reflection-Fourier transform
infrared

Ratr Dichroic ratio

NMR Nuclear magnetic resonance

DOSY Diffusion-ordered NMR spectroscopy

ESI-MS Electrospray ionization mass spectrometry

DFT Density functional theory
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