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We report the use of DOTA as a chelator for titanium. The resulting
complex is fully characterised and in vitro stability studies reveal its
high kinetic inertness against transmetallation and transchelation.
The radiolabeling of DOTA with “*Ti, via a guaiacol-based liquid—
liquid extraction method, leads to a high radiochemical conversion
up to 98%.

Titanium radionuclides were first synthesized over 80 years
ago” and are currently being revived due to their promising
characteristics in nuclear medicine, especially for positron
emission tomography (PET) imaging.>”” From a cyclotron, two
types of Ti isotopes can be produced: a long-lived titanium-44
(**Ti: ¢, = 60 years)® which is not-well suited for direct PET
applications, and titanium-45 (*’Ti: ¢,, = 3.08 h, B": 84.8%,
Egiavg 439 keV)’ with negligible secondary y-emission
(0.154%) and a low B* maximum endpoint energy of 1040.4 keV,
which are favourable features for ensuring good image quality at
low dosing for PET imaging.®”*'® With such a halflife, its
distribution can also be facilitated by shipping it away from the
cyclotron production site, in contrast to the commonly used
radiopharmaceuticals with short-lived radionuclides such as "'C
(t,2 = 20.4 min), '°F (¢, = 109.7 min) and **Ga (¢, = 67.6 min), for
instance.>'® A further favourable aspect of **Ti is its low produc-
tion cost as it can be obtained by irradiating naturally mono-
isotopic scandium via a **Sc(p,n)**Ti transmutation reaction.™
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However, owing to titanium’s high oxophilicity, low hydro-
Iytic stability, and high propensity in forming titanyl species in
aqueous environments, the radiochemistry of *Ti currently
remains underexploited.” The first labelled compounds of
*>Ti reported were based on [**Ti]Ti-Cl, and [**Ti]Ti-ascorbate.
In 1982, Ishiwata reported a series of titanyl compounds made
of [*Ti]Ti-Cl,(=0) and [*Ti]Ti-phytate(=0) along with
other chelators based on diethylenetriamine pentaacetic acid,
citric acid and human serum albumin.*'? Recent reports also
include mesoporous silica nanoparticles and proteins such as
transferrin radiolabelled with **Ti, and employed as radio-
pharmaceutical vectors with a limited efficiency in tumour
uptake.”® Due to nonideal chelator-metal interactions, most
of the in-vivo studies showed similar tissue biodistribution
profiles of **Ti indicating that these Ti-complexes have low
kinetic stability towards transchelation, and thus leading to
poor radiotracer performances.'* A handful of **Ti based radio-
metal involving acyclic chelators (open-chain) such as [*Ti]Ti-
salan, [**Ti|Ti-DFO/LDFC and [[**Ti]Ti-THP]" linked to various
targeting vectors (bioconjugates such as PSMA and/or
DUPA),"> " and without such as [[**Ti]Ti-THP]" and [[**Ti]Ti-
TREN-CAM]*~ were recently investigated.”® While the “chelate
effect” of these acyclic chelators has successfully led to a fast
complexation, in most cases maximizing their thermodynamic
and kinetic stabilities along with high radiolabelling, demetal-
lation and degradation are still commonly observed to some
extent under physiological conditions due to the intrinsic low
kinetic inertness for this category of chelators.”'”'®*! To date,
no attempts have been made to use macrocyclic chelators for
titanium, specifically with aza-macrocycles such as the DOTA
chelator, which is widely utilised in the radiopharmaceutical
field,> and well-known for leading to more kinetically inert
metal-complexes.”'*** The main reason might be their alleged
ineffectiveness in forming stable complexes with titanium, as
quoted ad verbum ‘“‘the cyclen family of popular chelators, such
as 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)
and its derivatives, has not demonstrated any utility for chelating

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Synthesis of M—=DOTA complexes.

Ti*"."” Contrary to the idea that DOTA and its derivatives are not
suitable chelators for titanium, it remains very puzzling consider-
ing their recent successful application for zirconium-89.”*2°
Here, we report the synthesis of Ti-DOTA, its full characterization
and stability, including against other competitive metals and the
EDTA chelator. Additionally, we have successfully produced its
corresponding radio-analogue, i.e., [*Ti]Ti-DOTA.

Non-radioactive Ti-DOTA can be obtained by stirring a
mixture of DOTA in non-protic organic solvents or in methanol,
followed by the addition of Ti(OiPr), at 70 °C for 16 h (Scheme 1
and Table S1, ESIi). In all cases, a white solid is obtained in
relatively high yield (67-89%). An alternative starting precursor
as TiCl, can also be used for forming Ti-DOTA in the presence
of NEt; but leads to an inferior yield (27%) (Table S1, ESI¥).

Solid-state analysis of Ti-DOTA through diffuse reflectance
infrared Fourier transform (DRIFT) spectroscopy indicates the
disappearance of the broad v(OH) stretching bands between
3200-2500 cm™ ', and (C=O0) stretching band at 1744 cm ™"
corresponding to the carboxylic acid groups, and the appear-
ance of twWo 1,,s(COO™) stretching vibrations at 1679 and
1329 cm ', respectively. The difference of Av = 350 cm '
between the v,s and v stretching bands is characteristic and
consistent with the monodentate chelating mode (Fig. S1,
ESI}).>” HR-MS analysis of this complex gives a (M + H)" signal
at 449.1149 m/z with the highest abundance, which supports
the formation of the Ti-DOTA complex (Fig. S2, ESI}).

Given that the Ti-DOTA complex exhibits poor solubility in
classical polar and non-polar solvents except water, which
sparingly solubilizes this complex, the solution-state NMR
spectroscopy was performed in D,O. Owing to its C,-sym-
metry, a well-resolved "H NMR spectrum was obtained, espe-
cially upon increasing the signal-to-noise ratio (NS = 128)
without using a water suppression sequence (Fig. S3 (ESL})
and Fig. 1). The '"H NMR data show a spectral pattern compar-
able to Zr-DOTA (Fig. S9, ESI%),>*?*® implying not only success-
ful formation of the Ti-DOTA complex but also towards its
structural similarity to Zr-DOTA. The assignments of the pro-
tons are further confirmed using 2D "H-'H correlation (COSY,
NOESY) and 'H-"3C correlation (HSQC, HMBC) spectra, and
the results agree with the presence of only one type of major
conformer in solution (Fig. 1 and Fig. S4-S6, ESI¥), i.e., belong-
ing either to a square antiprism (SAP) or twisted square anti-
prism (TSAP), including their enantiomers A(A144)/A(0000) and
A(A2AA)IA(0069), respectively, as reported for other M-DOTA
(M = Ln, Zr, T, Bi).>>**>"' A complete major conformer deter-
mination, as previously established for Ln-DOTA complexes’

This journal is © The Royal Society of Chemistry 2024
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Fig.1 2D *H-'H COSY spectrum of Ti—DOTA in D,0.

by mean of variable temperature NMR experiments, was not
possible due to the limited solubility of this Ti-complex. The
13C NMR spectrum of Ti-DOTA shows characteristic chemical
resonances at ¢ 180.1 (-OCO), 69.7 (-CH,-COO) and 59.3/58.2
(-CH,CH,-) ppm (Fig. S7, ESI#) with narrow line widths corro-
borating the presence of only one conformer in solution, unless
the exchange rate between the two conformers SAP < TSAP is
very fast at the NMR timescale.

Ti-DOTA crystallizes in aqueous solution as long colourless
needles, but the obtained crystals were ill-suitable for single
X-ray diffraction due to consistent merohedral rotational twin-
ning. Nevertheless, we recorded Powder X-ray Diffraction
(PXRD) for the synthesized Ti-DOTA complex, and the pattern
was compared with the patterns of rutile, anatase and brookite
to eliminate any doubt of the presence of crystalline TiO, in
addition to Ti-DOTA in the solid-state (Fig. S8, ESIf). To gain
further insight into the structural aspect of Ti-DOTA, we
synthesized Hf-DOTA and the previously reported Zr-DOTA**
under identical reaction conditions (Scheme 1). HR-MS ana-
lyses indicate the formation of both Zr- and Hf-DOTA with the
base peak at 491.0712 and 581.1136 m/z, respectively (Fig. S9
and S16, ESI}). Both Zr- and Hf-DOTA displayed similar
patterns in 'H, *C and 2D NMR and DRIFT spectra like for
Ti-DOTA (Fig. S1, S10-S15 and S17-S22, ESIi), which essen-
tially indicates that all three complexes have similar structural
aspects in solution and in the solid-state. Similarly to Ti-DOTA,
crystals of limited quality, yet again merohedrally twinned, of
Hf-DOTA were obtained from an aqueous solution at room
temperature, but in this case allowing deduction of the con-
nectivity around the Hf-centre (Fig. S23, ESIf). Hf-DOTA crys-
tallizes as two overlapping 8-coordinate enantiomers, namely
A(2422) and A(0009), in which both exhibit an SAP geometry
identical to Zr-DOTA.>

To gather further insights into the structural aspects and
relative stabilities of the M—-DOTA complexes (M = Ti, Zr, Hf), we
opted for DFT studies of these complexes (PBE-GD3MBJ-
SMD(water)/def2-TZVP/D, see ESI). The crystallographic struc-
ture reported for Zr-DOTA shows a co-crystallized enantiomeric
pair of x® conformations A(5655) and A(2A2J), i.e., only as SAP

Chem. Commun., 2024, 60, 7148-7151 | 7149
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Fig. 2 DFT-optimized geometries of Ti—-DOTA (green), Zr—-DOTA (gold),
and Hf-DOTA (purple) in the SAP/A(6650) (left) and TSAP/A(6659) (right)
configuration.

conformers.>* Notably, DOTA can also coordinate metals in x®
chelation mode with the diastereomeric conformations leading
to complexes A(6600) and A(A141) as experimentally shown by
the crystal structure of the [Bi-DOTA]™ complex where the
geometry around Bi adopts a TSAP.>° Both geometries were
modelled with DFT for Ti(wv), Zr(v), and Hf(wv), but A(6000) is
found to be more stable than A(3555) by 4-5 kcal mol * for all
three metals (Fig. S24, S25 and Table S2, ESIi), which is
consistent with the geometry observed in the crystal structures
of Zr-DOTA.>* Notably, while the A(5656) M-DOTA geometries
of the three metals are all similar (Fig. 2), the Ti complexes
appear slightly more compact than the Zr and Hf analogues.
In fact, the M-O distances in the DFT-modelled structures
are 2.03-2.04 A in Ti-DOTA and 2.17-2.20 A in Zr-DOTA.
Instead, the Ti-N distances are 2.39 A and the Zr-N distances
are 2.47-2.49 A. Overall, these distances show that the x®*-metal-
coordinating environment of Ti-DOTA is more compact than
those of Zr-DOTA and Hf-DOTA (M-N,/M-O, distances: Ti:
1.278/0.977 A; Zr: 1.382/0.915 A and Hf: 1.351/0.937 A, Table S3,
ESIf). The index parameters (tg), indicating the degree of
idealised SAP (tg = 0) and TSAP (13 = 1) geometries (Table S3,
ESIf), for the non-capped 8-coordinate Zr-DOTA complexes
determined from the X-ray structures and obtained from DFT
are also in line with an SAP geometry with 73 of 0.17 and 0.14/
0.15, respectively. Furthermore, Ti-DOTA with its calculated 74
of 0.07 is the lowest of all known M-DOTA complexes, indicat-
ing that the Ti centre adopts a nearly ideal SAP geometry, and
thus is somehow shift-locked within the M-DOTA structure
compared to Zr and Hf atoms or other larger metal atoms.
Next, we evaluate the in vitro stability of the Ti-DOTA
complex due to the perceived idea of aza-macrocycles being
labile chelates for titanium ions. Accordingly, the kinetic sta-
bility of Ti-DOTA was studied at physiological pH (7.4) and
temperature (37 °C) in the presence of competitive metal ions
(Mg>*, Fe**, Co**, Cu®" and Zn>") as well as with an excess of
EDTA chelator. Under these conditions, Ti-DOTA was found to
be highly kinetically inert against transmetallation and DOTA
dissociation (Table S4, ESIi). The thermodynamic stability of
the M-DOTA complexes was also assessed by DFT studies using
two different methods. We first considered the free energy of
complexation of the metal-aquo cation [M(H,0);5]"" (M = Ti,
Zr, Hf) by the anionic free DOTA*", similarly to previous work
in the field.>* The resulting thermodynamic preference for
the complex is much higher for Ti than for Zr and Hf
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(Table S5, ESIt). Notably, the Hf complex is predicted to be
more stable than the Zr analogue, but overall, this trend
correlates well with the effective ionic radii for 8-coordinate
compounds: Ti(v) = 0.74 A, Zr(iv) = 0.84 A, Hf(1v) = 0.83 A.** This
trend is also confirmed by the estimation of the free energy for
the exchange of EDTA*” with DOTA*™ (Table S5, ESI%). The
Ti-DOTA complex is confirmed to be the most stable in the
series, and significantly separated from Hf, ie., the second
most stable, and Zr.

The salt-based liquid target production of **Ti was per-
formed using "*'Sc(NO,); dissolved in ultrapure HNO; and
irradiated with a proton beam current of 10-25 pA for 1.5-3 h
(Table S6, ESI%). The irradiations resulted in a **Ti-activity at
the end of bombardment (EOB) ranging from 0.31 to 1.25 GBq
with an average radionuclidic purity of 98.0% (Table S6, ESL).

Initial attempts were made to separate [*>Ti|Ti-HNO; from
the scandium matrix using a cation-exchange hydroxamate-
modified resin (ZR-resin) as previously reported (Scheme S1,
ESI{)." An extraction efficiency (EE) of only ca. 5% was
achieved during the solid-phase extraction with the ZR-resin
using 1 M oxalic acid as an eluent. Most importantly, no
subsequent ligand exchange with the presumed [**Ti]Ti-oxalate
species was identified in the presence of DOTA by radio-HPLC/
HPLC with Ti-DOTA as a reference. Trying to remediate this
drawback, a ligand exchange was attempted through a QMA
anion exchange resin as successfully reported for the conver-
sion of [**Zr]Zr-(0x), to [**Zr]Zr-DOTA in high yield via a more
reactive intermediate [*°Zr]Zr-Cl,.>*** In our case, the ligand
exchange with QMA-resin did not proceed as for its Zr analogue
(Scheme S1, ESIf), presumably due to the high stability of
[**Ti]Ti-oxalate species in aqueous media.>® Other eluants such
as 0.1/1 M citric acid, and 1 M ascorbic acid were also tested but
resulted in poor extraction efficiency <6%, and subsequent
formation of [**Ti]Ti-DOTA was not observed by reacting the
eluates with DOTA. These results indicate the slow kinetic
formation of Ti-DOTA, contrasting the rapid complex for-
mation with acyclic chelators such as DFO/LDFC, TREN-CAM>~
and THP, where the *Ti radiolabelling is straightforwardly
obtained via the intermediate [**Ti|Ti-citrate, for instance."®>°
To mimic the reactivity of Ti-oxalate species with DOTA, we
attempted to form a non-radioactive Ti-DOTA complex by reflux-
ing DOTA with bis(ammonium lactato)dihydroxide titanium for
24 h in water. Only a 2% yield was achieved, indicating a
remarkable stability of such derived Ti-oxalate species (Table S1,
ESI).*® Alternatively, a liquid-liquid extraction (LLE) method was
carried out for purifying *Ti from its "*Sc(NO;); liquid matrix,
hence avoiding strongly binding chelators and for replacing them
by a more labile chelator such as guaiacol.’® Following the
procedure reported by Zhuravlev,">'” a mixture of guaiacol and
anisole (9/1 v/v) was used for the separation of Sc from [*>Ti]Ti-
HNO; (Scheme S2, ESIi). With an optimized ratio of 1:1.3
(aqueous/organic phase) (v/v), an extraction efficiency of 81%
(d.c.) was obtained comparable to the range of EEs (75-85%)
obtained by LLE protocols in continuous flow using a membrane
separator module.'” The radiolabelling of DOTA was achieved
by mixing the organic phase solution containing 93.6 MBq

This journal is © The Royal Society of Chemistry 2024
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(2.53 mCi) of [*Ti]Ti-guaiacolate with a solution of DOTA
(50 mM) in DMSO in the presence of an excess of pyridine.
The reaction mixture was incubated at 60 °C for 15 min and a
radiochemical conversion of 98% was determined (Fig. S26
and S27, ESIt). Subsequently, the complex was purified using
preparative radio-HPLC to obtain 15% RCY (d.c.) of the pure
[**Ti]Ti-DOTA complex (Fig. S28, ESI}).

In summary, we now report the first example of a DOTA
complex of titanium, contradicting the established opinion that
aza-macrocycles such as DOTA are not suitable chelators for
Ti*" ions. To the contrary, our DFT studies show a remarkable
stability of the Ti-DOTA complex, even superior to their Zr and
Hf analogues and supported experimentally by in vitro stability
studies. In addition, our preliminary results on the radiolabel-
ling of DOTA demonstrate that [*>Ti]Ti-DOTA can be efficiently
obtained via a LLE method. Albeit the radiolabelling with **Ti
isotope was hitherto limited to acyclic chelators, this example
using an aza-macrocyclic chelator opens new opportunities for
4Ti-based radiopharmaceutical development applied to PET
imaging.
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