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PhD thesis of Ms. Yuliya Toporivska is entitled “Efficient chelating agents for Zr(IV) ions:
design, synthesis and thermodynamic properties” has been conducted as a part of in the frame
of International Joint Doctoral Study Programme in Chemistry under the auspices of University
of Wroclaw and University of Ferrara with Prof. Elzbieta Gumienna-Kontecka (University of
Wroclaw) and Prof. Maurizio Remelli (University of Ferrara) acting as supervisors of the
doctoral thesis. This research was funded in the frame of project NCN, Opus (2016-2021):
Mooving beyond 'good enough": in search of novel chelators for Cu-64, Ga-68 and Zr-89
radiometals.

The thesis comprises 103 pages and follows the classic structure of PhD thesis in science. It
begins with an abstract part (pages 12-13) and literature background - chapter 1 (pages 14-32),
which directly lead to the main aims of the work - chapter 2 (pages 33-35). The experimental
part — chapter 3 (pages 36-49), contains sections which describe the experimental results. In
chapter 4 (pages 50-94) the author presents the results of the work and in chapter 5 (pages 95-
101) the author discusses the results of the research. The final sections include: conclusions and
perspective, a list of the Author’s publications, scientific activity, the bibliography with 160
references and Appendix.

Before I go on to comment on the individual chapters of the dissertation, I would like to

comment very briefly on the dissertation as a whole. In my opinion the dissertation makes a
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positive initial impression due to its visual aspect. There are numerous, well- presented figures
and tables; which make the work more visual and diverse for the reader. The work has been
edited in a coherent and logical manner. The analysis and description of the problems included
in the paper indicate that its author uses the nomenclature from the chemical field highly
appropriately.

In Chapter 1 of the literature review the author touches upon several topics, such as:
zirconium chemistry, zirconium isotope production, aqueous chemistry of zirconium,
desferrioxamine B (DFOB) as a gold standart for 8°Zr chelation or desferrioxamine B (DFOB)
linear and desferrioxamine B (DFOB) cyclic and tetrapodal derivatives as 3°Zr chelators. The
author also devoted her attention to thermodynamic stability as a tool to indicate the best
zirconium chelator and thermodynamic stability of zirconium(IV) complexes, as well as
included a short subchapter on acid-base properties of the most useful functional groups in
Zr(IV) ligands. The literature for this part is carefully referenced (113 references) and a
comprehensive bibliography contains all the key papers representative for the discussed fields.
The literature on the subject includes important and up-to-date publications in this field. To sum
up, the literature part was prepared in an interesting and highly informative way. In my opinion,
the content of the chapter is well-selected as it provides the reader with basic information
relevant for subsequent parts of the thesis. I have read this part with interest.

The transition metal ions very often exist in metal complexes in biological systems by
interaction with numerous molecules possessing groups capable of complexation or chelating.
The ability of chelating agents to form stable metal-chelate complexes is the main reason for
using them to control metal ions within biological systems. In recent years the radioisotope
zirconium-89 has attracted attention as a candidate for clinical use in positron emission
tomography (PET). Radioisotope Zirconium-89 has a long half-life of 78.4 hours and it also
has favorable emission characteristics, such as low energy positron emissions. Another big
advantage is that it can be produced at a relatively low cost. Thanks to such features and
advantages, zirconium being cheap high definition radioisotope can be used for PET imaging.
The literature describes the most widely used zirconium-89 chelator - desferrioxamine B, which

forms an insufficiently stable complex with zirconium-89 ion. The zirconium-89 -
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desferrioxamine B undergoes some demetallation in vivo, leading to ablation of zircon-89 into
bone tissue. However, the solution thermodynamic stability of DFOB and Zr(IV) ion has not
been investigated and analysed so far. Moreover, the stability constants and thermodynamic
parameters have not been discovered yet. Therefore, the first of the main aspects of Ms. Yuliya
Toporivska doctoral dissertation was to evaluate the speciation and thermodynamic stability
constants of the Zr(IV) - desferrioxamine B (DFOB) complexes and of the Fe(Ill) -
desferrioxamine B (DFOB). Another of the main aspects was to develop an innovative method
of chelator synthesis and then use these chelators for non-invasive in vivo imaging agents. For
this purpose, the synthesis of a new series of tri- and tetra-hydroxamic (or mixed donor) ligands
with linear, cyclic and pendant arrangements has been carried out and then a full
physicochemical characterization of the newly obtained compounds has been given. Then, the
values of thermodynamic stability of Zr(IV) complexes with newly synthesized chelators have
been determined. Summing up, I consider this fragment of the dissertation, which is vital from
the point of view of "fixing the problem", to be clearly and comprehensively presented and
formulated.

In the next chapter “Experimental part” the methods of synthesizing several new
hydroxamate chelators were described. Then several techniques (e.g. ESI-MS, potentiometry,
UV-Vis spectroscopy and ITC) which were used to determine the stoichiometry and
thermodynamic stability in solution between chelators and zircon(IV) and iron(IIl) ions were
described. The research methods used here are presented in great detail and I consider it a great
advantage of this part of the dissertation.

Chapters 4 and 5 contain detailed presentation and discussion of the research results. The
synthesis and pathway of monomer building block were described. The hydroxamate-based
monomers protected at the carboxylic group were employed as common synthetic precursors
of trihydroxamic ligand (H3L1) which is a symmetrical, macrocyclic ligand, comprising 9
bonds between binding groups and tetrahydroxamic ligand H4L.2 consisting of minimum 36
atoms and possessing at least 9 bonds between binding groups. Next, the cyclic tetra-
hydroxamate (H4L3) ligand and its synthetic pathway were described. The ligands and its
precursors were fully characterized by 'H and '*C NMR and the degree of purity of the final
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product was evaluated by analytical HPLC assays. H4LL3 ligand was synthesized by Ms. Yuliya
Toporivska at the Ferrara University at Prof. Remo Guerrini lab.

The trihydroxamate chelators (H3;L4, H3L5), tetrahydroxamate chelators (H4L6, H4L7,
H4L8) and hexahydroxamate ligand (H¢L9) were synthesized commercially by the TriMen
Chemicals S.A. All the obtained new compounds were characterized by 'H NMR and ESI-MS
methods and their purity was checked by potentiometric method.

The next stage of the research was to investigate the protonation equilibrium of the studied
ligands using by potentiometric titrations and UV-Vis spectroscopy. The determined values of
the dissociation constants of the studied ligands allowed for further research on determination
of complexes stoichiometry and stability. The research on determining the stability of the
Zr(IV) complexes was preceded by the determination of the thermodynamic stability constants
of iron complexes for the tested ligands. The conducted research proved that all ligands tested
in this study show excellent stability with Fe(III) complexes. However, all ligands efficiently
coordinate Zr(IV) ions in the pH range between 3 and 9. At pH 3, zirconium(IV) complexes
begin to form with all hydroxamic groups that are fully coordinated to the metal ion. Above pH
9, the process of dissociation of newly formed complexes takes place, and mainly hydrolyzed
[[Zr(OH),]*" ion is formed. Subsequent studies have shown that when trihydroxamate chelators
bind to Zr(IV) ions, an additional deprotonation step at around neutral pH is observed; for
example: for Zr(IV) - H3;L3 - pK is 5.48, for Zr(IV) - H3L4 pK is 7.03 or for Zr(IV) - H;L5-pK
= 5.43.This additional deprotonation step can be most probably ascribed to the deprotonation
of a water molecule from the coordination sphere of Zr(IV) ion. It is worth noting that one of
the tested zirconium(IV) complexes - DFOB-catecholate analogue is fully coordinated only at
pH ~ 8, but its stability is still within the range of the best Zr(IV) chelators.

It is worth pointing out that thanks to the use of the ITC method, the complexation process
of Zr(IV) - DFOB system was proved to be exothermic (AH < 0), and thus proceeds with
favorable changes in enthalpy, whereas the bond between the metal ion and the ligand is
dependent on the enthalpy and occurs spontaneously (JAH| > [TAS|, AG® < 0). On the basis of
the ITC measurement results obtained, it can be concluded that the conformational changes of

the complex are unfavorable. In conclusion, it is worth paying attention to the fact that the
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results of two independent methods, such as ITC and potentiometer can lead to similar results.
In the next stages of the research, knowing the speciation of the complexes, the sequestration
capacity of the studied ligands was assessed and compared with other chelators. Being aware
of the speciation of the complexes, one needs to evaluate and compare the sequestering ability
of investigated ligands with other chelators. For this purpose, the pM values were calculated
and then used to discuss the effect of the binding strength of the ligands proposed in these
studies. The determined pM value for the cyclic chelator H4L3 (pM = 37.0) is similar to the
most stable tetrapodal chelator - H4sL6 (pM = 37.5) which means that ligand cyclization does
not significantly increase the stability of the Zr(IV) complex in relation to its tetrapodal
analogues. The obtained results show that the most effective Zr(IV) chelator among all the
tested compounds is the mixed donor ligand H¢LL9. The remaining ligands tested in the study
also show high thermodynamic stability of the complexes in a wide pH range between 1 and 8,
and also ensure strong association with metal ions.

The doctoral dissertation presented to me for the review contains a number of interesting
results. In my opinion, the aim of the work has been fully achieved, and the amount of data
collected in the work is impressive and proves the PhD student's great commitment to the
research. The obtained results contain many elements of scientific innovation. The doctoral
dissertation is written in the appropriate register, and the chemical nomenclature used in the
thesis is correct. The work is carefully edited and has a clear visual presentation. However,
being as a reviewer obliged to look critically, I would also like to point out to the few noticed
shortcomings of editorial nature, such as: minor stylistic, linguistic or editorial errors, €.g. on
pages 45-46 in equations 12, 14, 15, in my opinion, charge should be taken into account.

These comments do not in any way diminish the value of the reviewed work. In terms of
content and form, the work does not raise any objections. I have no doubts that the results
obtained by the PhD student are significant and will certainly enrich the knowledge of solution
chemistry of Zr(IV) complexes, of the influence of structural parameters on the interaction with
metal ions, which will serve as guidelines in the design of the synthesis of further, more

effective PET chelators.
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In my opinion, the obtained results prove the correctness of the research directions
undertaken in the field of the thermodynamic stability of Zr(IV) complexes, the rising star in
the field of positron emission tomography.

It is also worth drawing attention to the fact that the author is capable of conducting
scientific work independently and also interpreting the obtained results. However, while
reading doctoral dissertation, a few questions and comments came to my mind, which are as
follows:
1) Why were the experimental values obtained from potentiometric titrations of the studied
complexes worked out in one case with the SUPERQUAD program and in other cases with the
HYPERQUAD program? In my opinion, it was possible to use both programs simultaneously
to elaborate the results of potentiometric tests, and then compare which of the 2 programs gives
the best fit of the experimental values to the theoretical model.
2) On the basis of a series of results obtained from potentiometric studies, could the PhD student
draw conclusions which SUPERQUAD or HYPERQUAD software is better suited for
determining the values of the stability constants of the investigated zirconium(IV) complexes?
3) In my opinion, in point "4.1.3 Determination of complexes stability" - it should be clarified
that the PhD student conducted research on thermodynamic stability, but did not conduct
research on kinetic stability.
4) Does the author predict that among the newly designed and synthesized chelators there are
those that could act as new linkers in zirconium(IV) MOFs?
5) One of the objectives of the work was to define the best strategy for the design and synthesis
of new improved %Zr chelators. Hence, the question arose: can the PhD student, after
conducting research and analyzing the results, draw a conclusion that responds to one of the
goals of this work, i.e. what strategy should be adopted to obtain new, improved %°Zr chelators?
6) Compounds 14 and 15 were synthesized by a PhD student and then purified using the RP-
HPLC method. What was the purity of the final products identified by the numbers 14 and 15?
I am asking a PhD student to provide answers to the above questions.

Finally, I would like to emphasize that Ms. Yuliya Toporivska is a co-author of 6 scientific

articles which were published in specialist international journals (referred to in the ISI Web of

Faculty of Chemistry tel. +48 58 523 52 28, ul. Wita Stwosza 63 www.en.ug.edu.pl
Department of fax. +48 58 523 50 12 80-308 Gdarisk
Environmental Technology  ¢_mail: dagmara.jacewicz@ug.edu.pl




University
of Gdansk

U
G.

Knowledge database) with high influence factors, for example: Journal of Inorganic
Biochemistry (IF = 3.348), Inorganic Chemistry (IF = 4.794). Three of all publications referred
to the PhD thesis. During her doctoral studies she took part in 3 international scientific projects
as well as participated in several scientific missions.

In summary, the PhD thesis of Ms. Yuliya Toporivska represents originality and high level
of scientific work. The methodological achievements clearly confirm her ability to conduct
profound research at high international level. Therefore, 1 strongly recommend without
hesitation Ms. Yuliya Toporivska to receive the doctorate degree of University of Wroclaw and

University of Ferrara.

s, Jao
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