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EDITORIAL

It is a tremendous honor and a delightful privilege to celebrate the accom-
plishments of Dr. Vukadin Leovac, Professor Emeritus at the University of Novi
Sad and a distinguished member of the Academy of Sciences and Arts of Voj-
vodina. We are delighted to present this Special Issue of the Journal of the Ser-
bian Chemical Society, which happens to be his preferred journal, in recognition
of his 80th birthday. Dr. Leovac’s profound influence on the advancement of
chemical research and education is not limited to our university alone but extends
to institutions throughout Serbia.

Vukadin Leovac was born on 14th March 1943 in the village of Glisnica
near Pljevlja, Montenegro, in a large family of farmers. He finished Elementary
School in Gradac, and High School in Pljevlja in 1962. It is interesting to say that
he enrolled in studies at the Faculty of Law, at the University of Zagreb. Before
the start of the first semester, at the end of September, due to the Autonomous
Province of Vojvodina scholarship, he transferred to study chemistry at the Fac-
ulty of Philosophy at the University of Novi Sad. At the start of the third year of
studies, he got a tempting scholarship from the Electronic Industry of Ni§ (EI-
-Ni§). During that year, thanks to IAESTE he spent two months at practice in the
Factory for plastic masses in Bydgoszcz, Poland. After graduation (1966) the
committee suggested he apply for the position of teaching assistant for the course
Inorganic Chemistry, but due to the obligations of the scholarship he was emp-
loyed in EI-Nis, as the chief technologist for the production of loudspeaker mem-
branes (Factory ,,Akustika® in Svrljig).

After the mandatory military service, in December 1969 he transferred to the
newly formed Faculty of Sciences, University of Novi Sad as a teaching assistant
for Inorganic Chemistry. At the same faculty, he defended the Master’s Thesis
titled ,,Synthesis and research on geometric isomerism of some chalogeno-cob-
alt(IlT) complexes* in 1975, which made him the founder of scientific research in
the field of inorganic and coordination chemistry at his university.

During the academic 1975/76 and 1977/78 year, through the Provincial
Committee for bonding with other countries, he spent 13 months at the Faculty of
Chemistry in Kishinev (Moldova) under the supervision of the Academician N.
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V. Gerbeleu. During this internship, he did the investigation of the coordination
chemistry of the isothiosemicarbazide derivatives. These results were crucial for
his PhD Thesis ,,Synthesis and investigation of coordination compounds of 3d-
-elements with S-methylisothiosemicarbazide and S-methylisothiosemicarba-
zones* which he defended in 1978. At the Faculty of Sciences in Novi Sad he
became Assistant Professor in 1979, Associate Professor in 1984 and Full Profes-
sor in 1989. In 2014 he earned the title of professor emeritus at the University of
Novi Sad. After 44 years of work, on 30th September 2011, he retired.

Prof. Leovac has been very successful in his teaching work. He taught
different courses in Inorganic and Coordination Chemistry at a modern level,
often informing his students about the newest discoveries in chemistry. Except at
the University of Novi Sad, he also taught courses at the University of Pristina
and the University of Montenegro. His laboratory has always been full of under-
graduates, MSc and PhD students. Among them, there were also doctorands from
other university centers, as well as from abroad, S. Cundak (Ukrain) and K.
Cvrkalj (Canada), who are presently known, as university professors and scient-
ific researchers. He belongs to that group of university professors and researchers
who generously share his knowledge with students, coworkers, and interested
colleagues, which has brought him high popularity and recognition. Thus, it is
not surprising that he was the mentor of 12 PhD theses, 4 master theses and more
than 80 diploma works, and that he has given enormous contributions and num-
erous ideas for many other theses and research. For the students in the first year
of studies, he wrote a textbook titled “Structure of atoms and molecules” which
enables them to establish a great foundation and deep understanding of basic
chemical principles by resolving the problems given there. This involved many
contemporary examples of the chemical phenomena, which were not easy to col-
lect when the first version of this textbook was written, more than 30 years ago.
One of the main advantages of this book is that it is still evolving, and expanding,
and thus cannot be addressed as an old, out-of-date book. Nowadays, Professor’s
closest co-workers gladly suggest this book as the literature for many courses,
and even call it a holy book of general chemistry.

Also, he worked on the education of teachers, and students from high school,
to which he held a great number of lectures, and he was included in the work of
Research Center “Petnica”.

Prof. Leovac is a founder of the study of Inorganic/Coordination Chemistry
at the University of Novi Sad and is the leading researcher in this field in the
former Yugoslavia. His scientific interest is in the synthesis, physicochemical,
structural and biological studies of complexes containing not only 3d-metals but
also Mo, Pd, Pt, U, Cd, and Hg with different classes of O-, N-, S-, P- and Se-
-binding polydentate organic ligands. Among them prevail the ligands of the type
of Schiff-base derivatives of different mono- and dicarbonyl compounds and
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(chalcogen)semi/isothiosemicarbazides, oxamic hydrazide, Girard-T reagent,
hydrazide of carboxylic acids, aminoguanidine, and others, as well as ligands
based on pyrazole derivatives. Numerous of these complexes are synthesized by
template reactions, an approach that enabled the formation of metal complexes
with the ligands previously unknown in organic chemistry.

He published more than 200 scientific papers including two review papers,
in international journals. He is the co-author of a scientific monograph of
national significance devoted to the coordination chemistry of S-alkylisothio-
semicarbazide derivatives. The great majority of compounds from the public-
ations were the realization of the ideas of Prof. Leovac. His works have been
cited 2054 times, excluding self-citations (4 index 23). He supervised work on
many multi-year research projects at both national and bilateral levels.

Of his works, the most important are undoubtedly those (more than 90 pub-
lications) concerning transition metal complexes with derivatives of thio- and S-
-alkylisothiosemicarbazides of different denticity (2 to 8) and sets of donor
atoms, among most of which are various tridentate ligands. From this area, we
point out the results that represent fundamental contributions to the coordination
and structural chemistry of the mentioned ligands:

1. Syntheses of the first metal complexes of S-alkylisothiosemicarbazides
which, for more than 40 years were thought not to be capable of forming metal
complexes, and for which an NN coordination was found, which is in principle
different from thiosemicarbazide (NS), for which a characteristic is a prototropic
tautomerism of the isothioureido fragment.

2. Synthesis of complexes with the tetradentate (N4) pentane-2,4-dione
bis(S-alkylisothiosemicarbazones), which among others, give stable complexes
also with Fe(IV) in the presence of iodide. K. Wieghardt characterized these
results as “fascinating” and “inspiring” (K. Wieghardt et al. J. Chem. Soc., Chem.
Commun. (1993) 726, Angew. Chem. 32 (1993) 1635).

3. Synthesis of dinuclear complexes of Ni(Ill) with the octadentate (Ng)
noninnocent ligands, 3,4-diacetyl-2,5-hexanedione-tetrakis(S-alkylisothiosemi-
carbazones) with interesting structural, electronic, spectral, magnetic and elec-
trochemical properties.

4. Syntheses of complexes with the tetradentate (ON3 or ON;P) N1-salic-
ylidene/acetylacetoneimine-N-4-a-alkoxypicolyl/2-diphenylphosphinobenzyl-S-
methyliso-thiosemicarbazide.

5. Unique and diverse (five different modes!) coordination of usually pen-
tadentate (Ns) 2,6-diacetylpyridine bis(S-methylisothiosemicarbazone, H>L) in
mononuclear complexes of Mn(Il), Ni(Il) and Cu(ll), and mixed-valence octa-
nuclear Cu(IT)-Cu(I) complex [Cu",(u-HoL),Cu's(u-Brs)Br,]. This made the coor-
dination chemistry of Novi Sad unique and recognizable in the scientific com-
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munity. (V. B. Arion, Coord. Chem. Rev. 387 (2019) 348, S. Floquet et al.
Polyhedron 80 (2014) 60).

Another important series of his papers (over 30) is related to complexes of
different derivatives of pyrazole. In this field too, Prof. Leovac and his coworkers
have made a valuable contribution to the coordination chemistry of this diverse
class of ligands. They have found some interesting structures of the synthesized
complexes, as well as degradation reactions during the complexation of some of
these ligands. There is no doubt that the most important reaction discovered in
his laboratory is the unexpected preparation of 3(5)-amino-4-acetyl-5(3)-methyl-
pyrazole, which with the Co(Il), Ni(Il) and Cu(Il) in the presence of triethyl
orthoformate, gave complexes with the in situ formed tridentate ON,, a new
formamidine-type ligand, N,N’-bis(4-acetyl-5-methylpyrazol-3-yl) formamidine,
with a unique coordination of the mentioned pyrazole derivative, enabling the
synthesis of numerous complexes. In this place, it is important to stress the bio-
logical activity of the polymeric complex of Cu(Il) with the tridentate ONS
Schiff base, a derivative of pyrazolone and thiosemicarbazide and 1-adamanto-
ylhydrazone di(2-pyridyl)ketone, with the cytotoxicity significantly higher than
that of cisplatin. Concerning other results, it is worth mentioning the metal com-
plexes with various coordination modes and forms of polydentate condensation
product 2,6-diacetylpyridine and semioxamazide/Girard-T reagent, thus enrich-
ing the structural coordination chemistry of derivatives of the mentioned dicar-
bonyl compound. In addition, there are also dinuclear Co(Il) complexes and di-
and tetranuclear complexes of Cu(Il) with the pendant octaazamacrocyclic tpmc
ligand and with different bridging ligands of interesting geometrical structures of
the complexes and of pmc conformations. The research on the coordination pro-
perties of aminoguanidine Schiff bases, with pyridoxal, salicylaldehyde and 2-
-acetylpyridine also stands out. More than 40 complexes of 3d- and 4d-metals
with these ligands were isolated in the form of single crystals and their physico-
chemical and structural properties were investigated in Prof. Leovac’s laboratory.
Several complexes have shown great photoluminescence, and thus are studied for
application in the field of optical materials.

Furthermore, it has to be especially pointed out that a large number of lig-
ands and their complexes were characterized by X-ray structural analysis, which
made Prof. Leovac the one scientist credited for more than 50 % of crystal struc-
tures determined in Serbia. The synthesis of the majority of these compounds
was the idea and the act of Prof. Leovac, who although retired, continues with
undiminished enthusiasm, curiosity, and energy to create new ideas, and he is
one of the rare researchers who at his age is doing laboratory experiments
(syntheses) himself and thus inspires the young colleagues to behave similarly.
He rejoices whenever a new result is obtained, especially when it is something
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unexpected. His attitude is that “each unexpected (unplanned) result is, as a rule,
more interesting and more significant than the expected one”.

It should also be mentioned that Prof. Leovac cooperates not only with
scientists from the former Yugoslavia or recently from Serbia but also frequently
from abroad. He has reviewed numerous papers for many international scientific
journals, but also two doctoral theses from abroad (Pakistan and Moldavia).

Prof. Leovac has been Head of the Chair of Inorganic Chemistry, Director of
the Department of Chemistry and President of the Education Council of the Fac-
ulty of Sciences. During his mandate as the Director of the Department the
foundation of the famous “blue building” was made. Prof. Leovac is a very active
member of the Serbian Chemical Society, in which he is currently a Merited
Member. He was awarded the October Award of Novi Sad, the Golden Award of
the Association of University Professors and Scientists for life’s work, as well as
the First Award of the Ministry of Sciences and Environmental Protection of the
Republic of Serbia and the Provincial Secretariat for Science and Technological
Development. For a long time, he has been acting as a volunteer member of the
Association of the Anticancer Societies of Vojvodina and thus has been awarded
the Charter of this Association.

The prestigious journal Polyhedron published a special issue in honor of
Prof. Leovac’s 70th birthday, demonstrating great respect for his remarkable sci-
entific achievements. This recognition was of significant importance for bols-
tering the reputation and validation of chemical research at the University of
Novi Sad.

Prof. Leovac always suggested that it is important to have a hobby, and his
hobbies are daily one-hour-long walks by the kay in Novi Sad, as well as week-
end routes throughout the forest of Fruska gora no matter the weather conditions.
The latter reminds him of the mountains back in his hometown.

Since our Professor was always fond of publishing papers on special issues
dedicated to fellows coordination chemists, we found this way as an appropriate
to express our gratitude and admiration, and to wish him good health, many fruit-
ful experiments, and many joyful moments for his 80th birthday.

kxk

After the formal part of the preface, I want to write a few words from a more
personal point of view. Back in 2005, I was looking forward to applying for
medical studies, and I decided to visit the famous “blue building” of the Faculty
of Sciences, just to make a backup plan. Fate seemed to play a hand as the ele-
vator unexpectedly paused between floors, with Prof. Leovac, my father, and me
on board. Hailing from Montenegro, and thanks to Prof. Leovac’s warmth and
the generosity typical of our people, we received an invitation to his office for a
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cup of coffee. I am not sure if it was him talking about his science and teaching,
the laboratory itself, the nice people I met there, or, most probably the perfect
mixture of everything mentioned, I started to think of myself as a chemist. A few
days later, I applied for the studies of chemistry.

During my first year, Prof. Leovac taught us General and Inorganic Chem-
istry, and some would say it is the basics. But he enabled us to go through our
knowledge and rethink everything we think we know, to abstract what we are
sure of, and to open our minds to new approaches, and new knowledge, to make
corrections to the foundation we thought we had. To this day, I often find myself
recalling his famous words: ,,The rule is that there are no rules!. The Professor’s
manner of teaching was truly distinctive, and for me, who was always more of a
problem-solver than a definition learner, it was perfect. Later, he led us into the
captivating realm of coordination chemistry, the most enchanting offspring of
this wondrous scientific discipline, often unjustly overlooked by many students
but cherished by those who had the courage and the knowledge to explore it and
let it become a part of their lives.

None of my fellow students were surprised when I chose to do my diploma
work with Prof. Leovac’s team of coordination chemists. Prof. Leovac deserves
immense gratitude for shaping me into the chemist I am today and for fostering a
harmonious team spirit in our laboratory. While working on my master’s and
doctoral thesis, even though he was not formally my co-mentor, he was the one
who gave my work the essence. Not only did he offer ideas, but he also actively
engaged in experiments, provided insights on results and wrote papers with me.
We had a daily tradition of taking a break every day around noon, and that is
when our Professor would tell us about some new, fascinating, or surprising sci-
entific facts, so interesting that I had made a notebook called “Know-it-all” with
the notes from those conversations. Just another reminder that real scientist has
no working hours if they are the true ones, like our Professor. Also, even though
he has an office, he is almost always in his laboratory, busy working on new
ideas and conducting experiments. I truly valued his keen interest in upholding
the proper use of our language, a matter that regrettably often goes overlooked,
even within academic circles. When the work on the syntheses of single crystals
was overwhelming, he was always there as a support, and with a few words like:
“You cannot change the nature of the matter, but you could learn how to use it”
he could make everything seem perfectly fine. It is an indescribable honor to
have learned from the most renowned and respected coordination chemist from
our region. He is an endless wellspring of incredible teaching and captivating
scientific ideas, and the man who finds happiness in assisting others. Now, after
all these years, I can hear my Professor’s words echoing during my own lectures,
I can see his sentences written by my hand, and witness his ideas sparking a sea
of new ones in my mind.
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My dearest Professor, ”Greetings for your birthday, and thank you for every-
thing!” seems like too modest a phrase. Instead, I want to express that I will
always be proud of being your apprentice and that I hope I was a merit of your
trust and worthy to be called your academic heir.

Guest Editor
Prof. Mirjana Radanovié¢
University of Novi Sad Faculty of Sciences

Of Prof. Leovac as a man, supervisor, and colleague his associates testify
with words of gratitude, some of which are given here.

I find it hard to remember when I first heard about Professor Vukadin
Leovac, but it must have been at the beginning of the eighties during the
experimental work on my Ph.D. thesis at the University of Kragujevac. Searching
for the literature for my Ph.D. thesis, I often had an opportunity to read his
scientific papers published in the most reputable journals of Inorganic and
Coordination Chemistry. During that period, the research group of Prof. Leovac
from the University of Novi Sad was famous in the field of Coordination
Chemistry not only at Serbian universities but many other universities in Europe,
too. The scientific results that his research group achieved during that time have
been a great motivation to us all working in Inorganic and Coordination Chem-
istry, especially young scientists. His papers often served as the supporting liter-
ature on which we relied for the purpose of structural characterization of coordin-
ation compounds by using spectroscopic and crystallographic methods. Later,
after I had returned from my postdoctoral stay at the University of London, we
established a closer cooperation. Prof. Leovac was a principal leader of numerous
national projects funded by the Ministry of Science of the Republic of Serbia.
Many scientists from different state universities in Serbia participated in these
projects. Along with the University of Novi Sad, he significantly contributed to
the development of Inorganic and Coordination Chemistry at the University of
Belgrade and the University of Kragujevac. He was a committee member for the
defense of many MSc and Ph.D. theses, thus largely contributing to the develop-
ment of academic and research staff at the above-mentioned universities. Prof.
Leovac is particularly and constantly dedicated to advancing the careers of young
scientists. His knowledge of chemistry is so vast that it can be concluded that to
him chemistry is the meaning of life rather than simply a field of science.

Academician Milos§ I. Djuran
Serbian Academy of Sciences and Arts
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Prof. Leovac is very esteemed and respected by his colleagues from the
Faculty of Chemistry, University of Belgrade, especially from us from the Dep-
artment of Inorganic Chemistry. His advice, ideas for the themes for the theses,
and his thorough examination of different ligand systems coordinated to copper,
zinc, nickel, cobalt, vanadium, iron, etc. helped many of us. He was the Doktor-
vater (mentor) to numerous candidates, some directly, some indirectly. Always
ready to share, teach, show, and explain, with a big heart full of passion, espe-
cially for surprising results and structures. In both Novi Sad and Belgrade, he left
a permanent stamp and influence through many complexes and crystal structures.
This expands out of the Serbian border, to Montenegro, Moldavia, and Germany,
because of all of us who have learned from him to accept the challenges and
develop a love for coordination chemistry.

The results of Prof. Leovac with the unusual Fe(IV) complexes have fascin-
ated and inspired well-known Prof. Karl Wieghardt, from the Ruhr University in
Bochum, who mentioned it in two papers in prestigious journals — Angew. Chem.
In. Ed. 32 (1993) 1635 and J. Chem. Soc., Chem. Commun. (1993) 726. The great
accomplishment of Prof. Leovac is also the collaboration with Prof. Wieghardt
that resulted in a mutual paper in /norg. Chem. 36 (1997) 661.

As a crown of his work, many colleagues from Serbia and abroad have
dedicated one Special Issue of one of his favorite journals, the prestigious Poly-
hedron, with 37 papers, to his 70th birthday.

Dear Prof. Leovac, I wish you many unexpected results and to inspire us
further.

Prof. Goran Kaluderovi¢
University of Applied Sciences, Merseburg, Germany

It is both an honor and a privilege to contribute my personal note to this
special issue celebrating Professor Leovac's 80th birthday and acknowledging his
remarkable contributions to the field of coordination chemistry.

I first had the privilege of being a student in Professor Leovac's freshman
class, and that experience marked the beginning of an incredible academic jour-
ney. Little did I know then that his guidance and mentorship would shape my
entire scientific career. As my professor, he introduced me to the captivating
world of coordination chemistry, laying the foundation for my academic pursuits.
Professor Leovac’s lectures were not just lessons; they were an invitation into the
realm of scientific endeavor. I was captivated by his teaching practices, particul-
arly his method of using pieces of his own research to illustrate the concepts he
was teaching. This unique approach made complex ideas accessible and ignited
my curiosity. It was during those moments that my fascination with coordination
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chemistry and X-ray crystallography was born. I especially recall when Professor
Leovac shared the fascinating details of his synthesis, resulting in octadentate
macrocyclic ligands, complexes with exotic oxidation states, and the myriad of
unexpected ligand transformations that occurred during template syntheses. It left
a profound and lasting influence on me as a student.

As I continued my academic journey through my master's and PhD studies,
Professor Leovac transitioned from being my professor to my mentor. We spent
countless hours working together in the laboratory, discussing results, and plan-
ning our next steps. One of the most enjoyable aspects of working with him was
finalizing our research through the process of writing publications. Professor
Leovac's mastery of crafting precise statements and sentences is truly remark-
able, and it has always been my aspiration to reach the same level of writing
skills.

Professor Leovac often emphasized, “It is good when things get complic-
ated,” signifying his belief that there is much more to learn from unraveling
intricate synthetic routes and deciphering complex crystal structures. He also had
a fondness for celebrating “unexpected results”, not only for their surprising
nature but also as a source of inspiration for exploring new and innovative
approaches.

Dear Professor Leovac, as you celebrate your 80th birthday, I join the sci-
entific community in wishing you continued good health and happiness. Your
wisdom, your contributions, and your presence in our community are truly
invaluable. It is an honor to have learned from you and to continue to be inspired
by your work.

Prof. Marko Rodi¢
Faculty of Sciences, Novi Sad

Professor with the capital P, emeritus with the capital E, man—giant, role
model, support, and many more represent my dear Prof. Leovac. He is not just
my dear professor but the dearest one, thanks to whom, I came to love Novi Sad
and all the wonderful people around him. Prof. Leovac had a great impact and
has left a valuable mark on the careers of all of them, but also many others
throughout the country. Luckily, he is still doing it.

His huge reputation in the field of inorganic chemistry was obvious
wherever he went. As a respected and loved professor, he expanded his positive
influence on colleagues. [ am and always was, proud to have the privilege and the
pleasure of working with a man, professor, and scientist like him.

As a crystallographer, I must mention the great contribution of Prof. Leovac
to chemical crystallography in Serbia. Like a magician, he made many single
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crystals, and he is the one scientist credited for more than 50 % of crystal struc-
tures determined in Serbia.

When I look back, the support of Professor Leovac was a decisive influence
on my career. He is directly or indirectly the most responsible for my motivation,
achieved results, and will for work. I always tried my best to repay him with
diligence and effort to meet his expectations.

Dr Goran Bogdanovi¢, principal research fellow
,»Vinca“ Institute of Nuclear Sciences, Belgrade

It is a great privilege to have the opportunity to learn from professional and
affirmed mentors, respected in a large scientific community. The willingness of
the mentor to teach and transfer their knowledge to others is a great advantage,
but the special fortune is when that person has sincere kindness and shows
interest in your advancement. Prof. Leovac belongs to this rare group of complete
scientists, professors, and mentors. He was the mentor to my master’s and doc-
toral thesis, and besides my colleagues from Vinca Institute, he had a substantial
impact on my research.

The professionalism of Prof. Leovac is undeniable, but what fascinates the
most is his enthusiasm, energy, commitment, devotion, and enjoyment of work,
which could be seen in the laboratory. It seemed that he could spend endless
hours in ligand modification, and syntheses of the complexes, with constant aim
to try novel approaches, and to gain new knowledge. From this point of view, I
am the most intrigued by the fact that, after so many years of work, he preserved
the curiosity of a scientist at the beginning of their career. This inspires all of us
who had the opportunity to work with him.

The results of Prof. Leovac’s work are reflected in the impressive biblio-
graphy, which confirms his outstanding contributions to the development of
coordination chemistry in the region. It really makes me proud that most of these
results are documented by crystal structures. We could always count on except-
ional crystals that come from his laboratory, some of which were used for the
calibration of our diffractometer, instead of the standard crystal. This could not
be explained only as the nature of the compounds, but maybe a reasonable mix-
ture of knowledge, skill, and intuitiveness. Besides the outstanding knowledge,
Prof. Leovac taught all of us that research is much more than ambition and intel-
ligence. That is why the special place in his achievements represents the number
of his hardworking co-workers, and great professionals, my dear colleagues from
the Faculty of Sciences in Novi Sad, that he gathered and made what they are now.
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I owe Prof. Leovac gratitude for his involvement in my research, and all the
knowledge he led me to. It is an honor to know and work with one great maestro
of coordination chemistry, a remarkable mentor, and friend.

Dr Sladana Novakovi¢, principal research fellow
,»Vinca“ Institute of Nuclear Sciences, Belgrade

I have known Professor Vukadin Leovac for almost half of a century, from
my early student days when he was my assistant and professor, and later a col-
league. His pedagogical work in the development of young scientists and the
quality of scientific research is evident from the numbers and data in his fruitful
biography and bibliography presented here. Although I did not closely collabor-
ate with him in teaching and research, I have been a witness to his exceptional
scientific potential and significance for our faculty and department throughout
these years. Prof. Leovac is more than a colleague; he is a friend, always well-
-intentioned to help and ready to find the best solution for his collaborators and
colleagues in any situation. As the dean of the faculty at the time when Prof.
Leovac was promoted to the position of professor emeritus at the University of
Novi Sad, it was my special honor to introduce Prof. Leovac to the wider scient-
ific audience and to emphasize his contributions to our university. In those mom-
ents, I felt a sense of pride and great satisfaction because I had the privilege of
introducing an outstanding scientist and professor who, by all criteria, was far
ahead of all other candidates. Prof. Vukadin Leovac was a pioneer in research in
inorganic chemistry, especially coordination chemistry, not only at the University
of Novi Sad but also on a much broader scale. The extent of his importance is
best illustrated by the fact that one of the most prestigious journals in this field,
Polyhedron, published a special issue dedicated to his seventieth birthday. With
great pleasure, I have written these lines dedicated to Prof. Leovac, who truly
deserves to have his eightieth birthday celebrated in this way.

Prof. Emeritus Neda Mimica-Duki¢
University of Novi Sad

The most beautiful possessions in life are good friends, colleagues, places,
and memories that those moments give.

I have known colleague Vukadin Leovac for more than 40 years, from the
early days when he came from Ni§ to Novi Sad and was elected as an assistant at
the Institute of Chemistry at the Faculty of Natural Sciences, while I was an
assistant at the Faculty of Technology. In those early years, we led laboratory
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exercises on the subject of General and Inorganic Chemistry for students of the
Faculty of Technology at the same time. We spent breaks together, discussing
and conducting dialogs about research, science, philosophy, life, and ideas on
how to best organize exercises for first-year students. Those were wonderful
times when experiences, knowledge, and vision of science could be exchanged. 1
recognized Prof. Vukadin has high potential, love, and passion for coordination
chemistry and experimental work. The chemical passion and dedication last his
entire career and are still remarkable. It was an extraordinary pleasure to listen to
Prof. Leovac's excitement when, as a result of the experiment, he obtained a
completely new compound, with a magical color of the complex substance that
he hadn't even planned. I remember this period; those were the last years of the
1970s. Memories also take me back to our joint study stay in Halle, East Ger-
many, in the laboratories of the Faculty of Natural Sciences. There, colleague
Leovac demonstrated his distinctive dedication to experimental work, commit-
ment, and selflessness toward broad horizons of chemical research.

Prof. Emeritus Mirjana Vojinovi¢ Miloradov
University of Novi Sad

I was very fortunate to be introduced to higher spheres of chemistry by Prof.
Leovac. His informal style freed from rigidity and narrowness, full of passion for
science and knowledge has attracted many of us. One of the main characteristics
of good lecturers is the reference to contemporary scientific achievements, which
inspire students and make science more interesting. During his lectures, I was
breathless when I heard about the existence of quadruple bonds, the ghosts like
solvated electrons and alkalide ions, or superacids that could protonate even alk-
anes. This trip through the periodic table led us to the very edge of human know-
ledge and it seemed that it has no ending — crowns, cryptands, catenate com-
plexes, phenomena like back-donation, Jan-Theller effect, efc. His statement that
,»only God and a chemist can make a new molecule had the most effect on me as
a student, and I find it inspiring even today. Not because we chemists want to
become gods, but because this sentence elevated my favorite science to the level
of a religion.

Prof. Leovac introduced me to the world of chemistry and he was my guide
at one of the most exciting travels in my life — those across the endless expanse
of the periodic table of elements. The last station on this journey was my diploma
work which I have finished under the supervision of Prof. Leovac. I was honored
to have contributed to the synthesis of a new molecule, a new complex of copper
with hydrazone derivative. Also, at that young age, I was privileged to feel the
fulfillment and happiness of taking part in the birth of a new molecule, but also to
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be part of a research team, and to feel the delight of working with esteemed Prof.
Leovac.

As a university professor myself, I could say that I have learned from one of
the best professors and scientists at our University and I am glad to have the
opportunity to cite his words during my lectures. In that way, I hope to be an
inspiration to my students like he was for many, many generations.

Prof. Boris Popovi¢
Faculty of Agriculture, Novi Sad

Professor Vukadin Leovac is my favorite professor, esteemed colleague, and
true friend. His great scientific opus and the will to move and erase boundaries in
coordination chemistry, as well as the expanded network of collaborators in acad-
emic institutions in Serbia and abroad, made him well-known and dominant in
his field. For many decades, he was an associate of the members of the Dep-
artment of General and Inorganic Chemistry of the Faculty of Chemistry in Bel-
grade on many scientific projects, in which he was the principal investigator.
This resulted in the publication of numerous papers, many master’s and Ph.D.
theses, and his involvement in the procedures of elections of new professors and
teaching assistants at our faculty.

Prof. Leovac teaches with patience and persistence, good energy, and
enthusiasm. His charisma, charm, and wit, as well as the professional and
friendly relationships, enabled Prof. Leovac to find a direct way to guide every
one of his co-workers to new ideas, thorough work practice, and wish to gain
new knowledge.

Dear Prof. Leovac, thank you for all your scientific contributions, for every
thought and word, advice, and patience. You made us the scientists we are today.

Prof. Sofija Sovilj
Faculty of Chemistry, Belgrade

Prof. Leovac and I have known each other for 25 years, first as a mentor and
Ph.D. student and then as friends. Even now, I am sure that my journey would be
different if not for his advice and limitless help. But I was not the only one he
helped to. Many ideas realized in the papers of Serbian researchers in the field of
coordination are his. He was generous not only with ideas, but with the prepared
ligands, or precursors, without any demand for co-authorship. I am sure that those
unselfish moments of sharing and transferring his knowledge to everyone who
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asked for help made him not only satisfied but sincerely happy. Many experi-
enced researchers in Serbian laboratories, but also abroad are his doctoral students.

His knowledge of complex compounds is fascinating, now even intuitive,
and his energy as a researcher is wonderful. He is one of the very rare scientists
who loves to do his experiments after all these years. Sometimes I think with
jealousy that he does not even try the reactions, but ,,makes deals with the ligands
and the central metal ions how to form single crystals“. His word ,,maybe* is a
path to successful synthesis.

I finish these lines with the citation of the thank you note from my dissert-
ation: ,,I owe enormous gratitude to Prof. Leovac from whom I plan on keep
learning, not only about chemistry but also the pleasure of finding, generous
giving and guiding youngers to real values. Without his help, I am sure, this
dissertation would not come to an end, and I would, possibly, have been lost
away from the scientific roads I chose for my career.*

Prof. Ilija Bréeski
Faculty of Chemistry, Belgrade

Prof. Leovac was the one who brought my associates and me to the won-
derful world of the coordination chemistry of hydrazide and hydrazone ligands.
This wide field of research enabled us to publish numerous papers in the most
eminent international journals and to collaborate with many outstanding prof-
essors and researchers both in Serbia, and abroad. For this, we must be thankful
to our Prof. Leovac.

I hope that the future will bring more professors like him, but I am sure that
we, his contemporaries, will remember his devotion to his research and teaching
forever. Besides the teaching mission, our dear Vukadin was a real friend, full of
understanding. I find the memories of our conferences, informal gatherings, and
trips very dear. So, after 40 years at the University, I have the right to teach the
younger generations who prepare for this type of work always to learn from the
best. And one of those is surely Prof. Vukadin Leovac.

Prof. Katarina Andelkovic¢
Faculty of Chemistry, Belgrade

Many years ago, when I was at the crossroads of my life and professional
roads, dilemmas and doubts, by accident, I met Prof. Vukadin Leovac, who
became my friend and my colleague — Vule. The warmth of his wards and his
scientific enthusiasm led me to become part of his group of researchers. Now,
with this time distance, I am free to say that those years were the most fruitful
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period of my research work. Due to Prof. Leovac, I gained the self-confidence,
and sometimes fanatic appetite for novel scientific achievement, and by ana-
lyzing his approach to science with his advice and suggestions I became what I
am today.

If life is supposed to be a game, and science is and always was the core of
his life, then science is woven into his game of life which he plays with
incredible ease. That is the only way of completing so demanding tasks of mak-
ing hundreds of crystal structures, by merging the perfect ratio of scientific
knowledge, experience, creative intuition, and artistic expression. The amount of
different structures of ligands and their metal complexes one must consider art. |
was always fascinated by his intuition which manifests the highest level of intel-
ligence, as one of the key requirements for success in scientific research.

I am proud to have a friend like he is — real and honest, unselfish, and always
prepared to help, understand, and respect in those moments many would not. Our
friendship is solid, mutual, and invincible. I owe him respect and gratitude for
many noble lessons from life and science.

Prof. Milan Joksovié¢
Faculty of Sciences, Kragujevac

During the work on my master’s thesis, I met Prof. Leovac, who was, later,
my mentor for my Ph.D. thesis. His advice during our work together was not just
expert, nor distant and strict, but full of the kindness and warmth of a friend. That
was something that guided me towards our goal. Prof. Leovac always knew all
the details of every experiment I was doing, even though he had numerous can-
didates under his supervision. He followed and got involved in all the problems
and dilemmas of his co-workers with true commitment. At the Chair of General
and Inorganic Chemistry and the Faculty for Metallurgy and Technology, Uni-
versity of Montenegro, he kept teaching, until we were able to take over that
assignment. His visits to Podgorica brought joy, not only for chemists but other
scientists as well. With his cheerful spirit, friendliness, and humanistic approach,
he has built many bridges of friendship.

Prof. Zorica Leka
Faculty for Metallurgy and Technology, Podgorica, Montenegro

As a colleague and former Ph.D. student of Prof. Leovac, I must stress it is,
and always was my honor and privilege to have the opportunity to meet him and
work with him. He made that stressful period of working on my Ph.D. thesis,
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which involved regular work hours in Podgorica, while trying to find time to go
to Novi Sad and do experiments, full of dear memories. Always there to help as
an expert, a professor, with advice and new ideas, but above all as a human, a
friend, sincerely, he was the best support I could have asked for. He made me
express real joy whenever we get a new single crystal, good result, or idea and
that is what, nowadays, I obliged myself to teach the new generations.

The collaboration with Prof. Leovac and his colleagues, my dear friends
from Novi Sad, is still successful and fruitful, and we plan to keep it on the nice
path our Professor has pointed us to.

Prof. Zeljko Ja¢imovié
Faculty for Metallurgy and Technology, Podgorica, Montenegro

kskosk

Concluding Editorial remarks

It is great pleseaure for me to underline that the decision of the Serbian
Chemical Society to publish the issue dedicated to the occasion of the jubilee of
Prof. Vukadin Leovac 80th birthday is a real recognition to his achievements to
Chemistry, especially to Inorganic Chemistry, and also to the recognition of his
friendly and warm relations to collegues, students and people in general.

On behalf of your coleagues and friends, thank you Vule for all our
relations! We wish you all the best for the years to come.

Prof. Branislav Nikoli¢
Journal of the Serbian Chemical Society Editor in Chief
Honorary President of the Serbian Chemical Society
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Abstract: The main aims of this work were the synthesis and characterization
of iron(Ill) complexes with a ditopic ligand H,L consisting of a bis(salicyl-
idene)isothiosemicarbazide moiety with a N,O, binding site and a crown-ether
(Og) moiety. A series of high-spin iron(IIl) complexes, i.e.,
[Fe"LCIBa(CH;0H)(H,0), 5(ZnCly)] (1), [Fe'LCI] (2), [Fe"L(N;)] (3) and
[(Fe™L),0] (4), were synthesized. The complexes were characterized by mass
spectrometry, IR and UV—Vis spectroscopy, variable temperature (VT) mag-
netic susceptibility measurements, Mdssbauer spectroscopy, single crystal
X-ray diffraction and cyclic voltammetry.

Keywords: iron(111); bi-compartmental ligand; Mdssbauer; magnetism.

INTRODUCTION

Bi-compartmental ligands with both a salen moiety for “soft” metal cations
and a crown ether moiety for “hard” metal cations were reported 35 years ago by
Reinhoudt et al.l:2 Nickel(II), copper(Il) and zinc(Il) complexes, with both
metal-free crown ether cavity and alkali- and alkaline-earth cations located in
crown ether moiety in close proximity to first-row transition metal, were synthe-
sized and comprehensively characterized by spectroscopic, electrochemical and
X-ray diffraction methods. The relative simplicity of the general approach for
their assembly3-4 has permitted the building up of a large number of such sys-
tems, systematically modifying the structure of each binding site. The nature of

* Corresponding author. E-mail: vladimir.arion@univie.ac.at
https://doi.org/10.2298/ISC230607065A
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the metal-binding sites in these systems is so different that hard alkali, alkaline-
earth or lanthanide metal cations and softer transition metal ions can be bound
simultaneously and located in close proximity to each other within the same
macrocycle. Generally, these bi-compartmental ligands are assembled in the pre-
sence of a metal ion template. Barium(II) proved to be the most suitable template
for the synthesis of macrocyclic salen- and salophen-crown ethers from the
appropriate building blocks.5~7 This behavior is not surprising as Ba2* has been
successfully used in the synthesis of a number of crown ethers.8 The template
role of barium(II) is predominantly conformational. By coordination of the poly-
oxyethylene-containing building blocks to barium(II) the terminal 2-hydroxy-
benzaldehyde groups are held in close proximity. Under such conditions the
cyclization of the 1+1 open-chain condensation product occurs inevitably at the
next step of the template process. This pathway is favored over the intermole-
cular one that leads to polymerization. Another important reason for using Ba2*
as template is the possibility to remove it easily from the final template product
by treatment with SO42~. Even though first attempts to use K*, Rb™ or Cs* as
templates failed,! later it was shown that K*, which has very close ionic radius to
that of Ba2™, can also serve as a template for assembly of heterometallic systems.?

By using Ba2" as template ditopic macrocycles based on bis(salicylidene)-
isothiosemicarbazide or acetamidrazone unit and crown-ether moiety were
assembled and isolated as Ni(I)-Ba(Il), Cu(Il)-Ba(Il), Zn(Il)-Ba(Il), VO(I)—
Ba(II) and Cu(I)-Gd(III) heterodinuclear complexes!0-14 as shown in Scheme 1.

The “complex formation” behavior of nickel(Il) complexes with alkali and
alkaline earth metal ions was investigated by UV—Vis spectroscopy and calorim-
etric techniques and revealed building of 1:2 metal-nickel(IT) macrocycle asso-
ciates.!3 In addition, electrochemical recognition properties of first raw transition
metal macrocycles vs alkali and alkaline earth metal cations, ammonium cation
and protonated dopamine were studied.1©

Herein we report the synthesis of iron(Ill) complexes with a bi-compart-
mental macrocyclic system HoL, namely [FelllLCIBa(CH30H)(H»0)g.5(ZnCly)]
(1), [FelILCI] (2), [Fel'lL(N3)] (3) and [(Fe!llL),0] (4) as shown in Scheme 2,
their characterization by single crystal X-ray diffraction, spectroscopic tech-
niques (UV—Vis, IR), ESI mass spectrometry, magnetochemistry, Mdssbauer
spectroscopy and cyclic voltammetry. As the interstitial solvent or its amount in
the isolated bulk samples and single crystals investigated by X-ray crystallo-
graphy (vide infra) differ, the numbering of the complexes in the following dis-
cussion will not include the co-crystallized solvent.

EXPERIMENTAL

All starting materials and solvents were purchased from Aldrich and used without further
purification.
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Scheme 1. Synthetic pathway to the heteronuclear bis(salicylidene)isothiosemicarbazide-
-crown ether macrocycle H,L. The last transformation was reported for M = Cu.!4

Synthesis of [Fe''LCIBa(CH;0H)(H,0), 5(ZnCl,)]-CH;0H (1-CH;0H)

To [ZnLIBa(CF;S05)CH;0H],-0.5H,0'! (0.7 g, 0.36 mmol) in CH;0H (20 ml) was
added FeCl5-6H,0 (0.9 g, 3.3 mmol) in methanol (15 ml). The black crystals formed were
isolated by filtration, washed with cold methanol and diethyl ether and dried in air. Yield: 0.45
g (64 %).

Synthesis of [FeLCl]-CH,Cl, 0.5H,0 (2-CH,Cl; 0.5H,0)

A suspension of [Fe'LCIBa(CH;OH)(H,0), 5(ZnCl,)]-CH;0H (1.0 g, 1.1 mmol) in
CH,Cl, (250 ml) was stirred with a solution of guanidinium sulfate (3.0 g) in water (150 ml)
for 30 min. The resulting colored organic layer was separated off and dried over MgSO,. The
solvent was removed to ~20 ml by evaporation under a reduced pressure and the product
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precipitated with pentane. X-ray diffraction quality single crystals were grown from CH,Cl,.
Yield: 0.55 g (82 %).

Synthesis of [Fe""L(N3)] (3)

A mixture of [Fe'"LCI]-CH,Cl,-0.5H,0 (0.55 g, 0.86 mmol) and NaN; (0.51 g, 22.2
mmol) in CH30H was stirred for 1 h. The solvent was then evaporated under reduced pres-
sure, the residue re-dissolved in CH,Cl, (50 ml) and the solution formed filtered. The solvent
was removed under reduced pressure up to ca. 10 ml and the product precipitated with pen-
tane. Yield: 0.44 g (94 %).

Synthesis of [(Fe'''L),0]-H,0 (4-H,0)

Method a. To green-brown solution of [Fe''LCI]-CH,Cl,-0.5H,0 (0.5 g, 0.78 mmol) in
methanol (170 ml) at 60 °C was added triethylamine (0.22 ml, 1.56 mmol). The red solution
generated was allowed to stand at room temperature for 48 h. The product was isolated by
filtration, washed with methanol and dried in vacuo. Yield: 0.30 g (79 %). X-ray diffraction
quality single crystals were grown by slow diffusion of pentane into solution of the product
(14 mg) in chloroform (15 ml).

Method b. To a red-brown solution of [Fe™LCl]-CH,Cl,-0.5H,0 (0.2 g, 0.31 mmol) in
CH,Cl, (35 ml) was added a solution of KOH (0.02 g, 0.37 mmol) in water (35 ml). The mix-
ture was stirred at room temperature for 105 min. After separation of the two phases the org-
anic one was dried over MgSQO,. Slow addition of pentane to the solution produced a small
amount of red microcrystals, which were separated by filtration, washed with pentane and
dried in air. Yield: 0.02 g (13 %). The IR spectrum of the isolated product was identical with
that synthesized by method a.

Analytical and spectral data are given in Supplementary material to this paper.

Crystallographic structure determination

The measurements were performed on Siemens SMART (1-H,0) and
2-CH,Cl,-0.5H,0) and Bruker D8 Venture (4-CHC]l;) diffractometers. Crystal data, data col-
lection parameters, and structure refinement details are given in Table S-1 of the Supple-
mentary material. The structures were solved by direct methods and refined by full matrix
least-squares techniques. Non-hydrogen atoms were refined with anisotropic displacement
parameters. The positional parameters of the atoms belonging to disordered fragments were
modeled by using PART, DFIX and SADI tools of SHELXL-2014 program. The S-methyl-
isothiosemicarbazide fragment was found to be disordered over two positions with the refined
occupancy factors 0.59:0.41, 0.58:0.42 (0.66:0.33) and 0.74:0.26 (0.75:0.25) for 1-H,O,
2:CH,Cl,-0.5H,0 and 4-CHCl;, respectively. In the crystal of 1-H,0, ZnCl,> is also dis-
ordered, wherein two chlorido coligands occupy unique positions, while the other two are
equally distributed between the two orientations. The disorder was modeled similarly in the
crown-ether moieties in 2-CH,Cl,-0.5H,O and 4-CHCl;. It turned out, that one of two
independent crown-ether moieties is fully disordered (for 2-CH,Cl,-0.5H,0) or partially
disordered (4-CHCIs) over two positions with 0.5:0.5 occupancy. H atoms were inserted in
calculated positions and refined with a riding model. The following computer programs and
hardware were used: structure solution, SHELXS-2014 and refinement, SHELXL-2014;!7
molecular diagrams, ORTEP;!® computer, IntelCoreDuo. CCDC: 2263681, 2263682 and
2263683 for 1-H,0, 2-:CH,Cl,-0.5H,0 and 4-CHCl;, respectively.
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Magnetic measurements

Dc magnetic susceptibility data (2-300 K) were collected on powdered samples using a
SQUID magnetometer (Quantum Design MPMS-XL), applying a magnetic field of 0.1 T. All
data were corrected for the contribution of the sample holder and the diamagnetism of the
samples estimated from Pascal’s constants.1%-20 The M&ssbauer spectra were recorded on an
alternating constant-acceleration spectrometer. The sample temperature was maintained cons-
tant in an Oxford Variox cryostat. The 3’Co/Rh source (1.8 GBq) was positioned at room tem-
perature inside the gap of the magnet system at a zero-field position. Isomer shifts are refer-
enced relative to iron metal at 295 K.
Electrochemistry

Cyclic voltammetric experiments with 0.5 mM solutions of investigated samples in 0.1
M n-BuyNPF (p.a. quality from Fluka) supporting electrolyte in acetonitrile (p.a. quality from
Sigma-Aldrich) were performed under argon atmosphere using a three-electrode arrangement
with a platinum disk working electrode (from lonode, Australia), platinum wire as a counter
electrode, and silver wire as a pseudo reference electrode. All potentials in voltammetric stu-
dies were quoted vs ferricenium/ferrocene (Fc*/Fc) redox couple. A Heka PG310USB (Lam-
brecht, Germany) potentiostat with a PotMaster 2.73 software package served for the potential
control in voltammetric studies.

RESULTS AND DISCUSSION
Synthesis

Transmetallation reaction (Scheme 2) of [ZnLIBa(CF3SO3)-
(CH30H)],-0.5H,01! with excess FeCl3-6H,0 in boiling methanol afforded
the complex [FelllLCIBa(CH30H)(H,0)q 5 (ZnCly)]-(1) crystallized as brown-
black crystals of X-ray diffraction quality upon slow cooling of the reaction
mixture in 64 % yield. Treatment of solution of 1 in CH,Cl, with an aqueous
solution of guanidinium sulfate resulted in the complex [FelllLCI] (2) in 82 %
yield. Metathesis reaction of 2 with excess NaNj3 in methanol afforded
[FelllL(N3)] (3) in 94 % yield. The red solution obtained from the reaction of
green-brown solution of 2 in methanol with air oxygen in the presence of
triethylamine produced the u3-oxido-dimeric complex [(FelllL),0] (4) in 79 %
yield. The same complex 4 was synthesized from 2 when treated with KOH in
water/CHCl3.

Characterization of 1-4

Positive ion ESI mass spectrum of 1 showed a peak with m/z 513, which was
assigned to [FelllL]", while the negative ion spectrum revealed a peak with m/z
169 attributed to [ZnCl3]~. The FAB mass spectrum displayed three peaks in the
positive ion mode with m/z 720, 685 and 571. Their isotopic patterns were in
agreement with theoretical isotopic distributions for [FelllLBaCl,—H]",
[FelllLBaCl-H*]* and [FelllLC1+Na™]", respectively. Like 1, complexes 2 and 3
revealed in the ESI mass spectra a peak with m/z 513 due to [FelllL]" ion. A
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strong stretching vibration at 2034 cm! in the IR spectrum of [FeL(N3)] indi-
cated the presence of azide co-ligand in the complex.

In the positive ion ESI mass spectrum of 4 peaks at m/z 1081, 1065 and 1043
were assigned to [(FeL),O+K*]," [(FeL),O+Na't]t and [(FeL),O+H™]", respect-
ively. The band at 840 cm™! in IR spectrum is due to asymmetric Fe—~O—Fe
stretching vibration.

[ZnLIBa(CF;S0;)CH;0H]

W)

[Fe""LCIBa(CH;0H)(H,0),, 5(ZnCly)] (1)

(ii)
H} (iv) - Scheme 2. Synthesis of complexes 1-4;
[FeLCl} 2) — [Fe"L10] () Reaction conditions: i) FeCly-6H,0, CH;0H;

wﬁi) ii) guanidinium sulfate, CH,Cl,/H,0 3:2; iii)
NaNj (excess), CH;0H; iv) EtsN, CH;0H or
[Fe""L(N3)] (3) KOH, CH,Cl,/H,0.
X-ray crystallography

The results of X-ray diffraction studies of complexes 1, 2 and 4 are shown in
Figs. 1-3 with pertinent metrical parameters in Table S-I. The iron(Ill) in 1 is
five-coordinate with square-pyramidal coordination geometry. The ligand coor-
dinates to iron(IIl) through two nitrogen atoms N1 and N3 of the isothiosemi-
carbazide moiety and two phenolato oxygen atoms O1 and O2 in the basal plane,
while chlorido co-ligand Cl1 occupies the apical position. The iron(IIl) comes

r
CIs °’Cl4

Fig. 1. a) ORTEP view of [FeMLCIBa(CH;OH)(ZnCl,)] with thermal ellipsoids at 50 %
probability level and b) ball-and-stick representation of the second resolved counterpart of
[FeLCIBa(CH;OH)(H,0), 5(ZnCly)] in the crystal of 1-H,O. Interstitial solvent was
removed for clarity.
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out from the basal plane towards Cl1 by 0.612(2) A. The metrical parameters are
very close to those reported for iron(Ill) complex with bis(salicylidene)isothio-
semicarbazide.2! The Ba atom is 10-coordinate, with all six oxygen atoms of the
macrocycle linked to the barium(Il). The tetrahedral [ZnCl4]2-, which is disord-
ered over two positions, forms three (Fig. 1a) and two bonding contacts to bar-
ium(II) through the chloride ions (Fig. 1b). When only two chlorido co-ligands
are coordinated to the barium atom, an additional coordination of H»O molecule
is found (Fig. 1b). The molecule of CH3OH is coordinated to the barium(II) on
the other side of the macrocycle. The Ba2" is displaced from the mean plane
formed by the oxygen atoms of the crown ether moiety in opposite direction with
that of iron(III) by 0.819(1) A due to stronger interactions with ZnCl42~ than with
methanol molecule as shown in Fig. 1.

Fig. 2. ORTEP view of one of the two crystallographic-
ally independent molecules of [Fe"LCI] (2) with thermal
ellipsoids at 50 % probability level. Interstitial solvent is
% not shown for clarity.

As expected square-pyramidal coordination geometry around Fe(Ill) was
disclosed in complex 2. The bi-compartmental ligand is bound to iron(III)
through two nitrogen atoms N1 and N3 of the isothiosemicarbazide moiety and
two phenolato oxygen atoms O1 and O2 in the basal plane, while the chlorido co-
-ligand CI1 occupies the apical position. The iron(IIl) comes out from the basal
plane towards Cl1 by 0.547(2) and 0.559(2) A for the two crystallographically
independent molecules A and B, respectively. The bond lengths around Fe(III)
are very close to those in complex 1 and complex 5 (Table II).

The SC-XRD structure of 4 revealed that the two iron(Ill) ions with a
square-pyramidal coordination environment N,Oj3 are associated into a dimer via
a bridging oxido anion, O?~. The angle Fel-O1-Fe2 of 154.57(12)° is deter-
mined by steric repulsions between the two bi-compartmental ligands and is
much higher than the angle of 139° reported as minimal for documented in the
literature u-oxido-bridged iron(IIT) complexes.22
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Fig. 3. ORTEP view of the u3-oxido-dimeric iron(IIT) complex [(Fe''L),0] (4). Interstitial
solvent was omitted for clarity.

TABLE II. Selected bond distances (A) in the coordination polyhedron of Fe(IIl) in com-
plexes 1,2 and §

Compound
Bond 1 2 5
Molecule A Molecule B
Fe-Cl1 2.1981(15) 2.2280(15) 2.2215(15) 2.212(2)
Fe-N1 2.085(5) 2.091(4) 2.086(4) 2.084(5)
Fe-N3 2.065(5) 2.075(4) 2.082(4) 2.101(4)
Fe-Ol1 1.899(4) 1.880(3) 1.882(4) 1.875(4)
Fe-02 1.915(4) 1.879(3) 1.875(4) 1.894(4)

#ron(III) complex with S-methyl-bis(salicylidene)isothiosemicarbazide (5) is reported in ref. 21

The dimeric complexes [(FelllL),O] form centrosymmetric tetranuclear
associates bridged via u-phenolato oxygen atoms O8 and O8i as shown in Fig. 4
with bond distances Fe2-O8 of 1.9463(17) A and Fe2-O81 of 2.4713(18) A,
Z08-Fe2-08i = 75.56(7)° and £Fe2—-08-Fe2i = 104.44(7)° (symmetry code i:
1-x,2-y,1-2).

The optical spectra of 1-4 in methanol are shown in Fig. 5. The spectra are
dominated by charge-transfer and intra-ligand transitions.

Magnetism and Méssbauer spectra

The variable temperature (V7) magnetic susceptibility measurement for
complex 1 is shown in Fig. 6 as plots of yy vs. T and pefr vs. 7, while the
Mossbauer spectrum at 80 K is displayed in Fig. 7.

The magnetic susceptibility values for 1 at room temperature are of the order
expected for the high-spin Fe(III) (S = 5/2) (5.98 up or 4.465 cm3 K mol!) at
300 K assuming g = 2.0, theoretical yp7 value of 4.377 cm3 K mol~1.20 The
values of the magnetic susceptibility remain almost constant up to 50 K, after
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which a progressive decrease of the magnetic susceptibility up to 2 K was seen,
where the magnetic susceptibility value of 3.544 up is reached.

Fig. 4. Pairwise association of u3-oxido dimeric iron(III) complexes 4.
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Fig. 5. The electronic spectra of methanolic solutions of 1 (red trace), 2 (blue trace), 3 (green
trace) and 4 (yellow trace).

For an octahedral mononuclear high-spin iron(IlI) complex the ground state
is 6A1g and the expected spin-only magnetic moment is 5.92 up, which is tem-
perature independent. However, if the symmetry is lowered, the 04, g term can
split to a small extent by mixing in, via spin-orbit coupling, the components of a
higher-lying T term.23 Under symmetry lowering, some departure of the mag-
netic moment from the spin-only value and from Curie law behavior might be
expected. Also, if there were any significant antiferromagnetic exchange interact-
ion between the iron atoms in the crystal, the magnetic moment would be exp-
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ected to decrease below the spin-only value and also to show an appreciable tem-
perature dependence.24

1
10.8
106 2
2
g
104
10.2 )
Fig. 6. The temperature dependence
0 e : TE— of the effective magnetic moment
0 50 100 150 200 250 300 Uerr and molar magnetic susceptib-
TIK ility for 1.
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-3 =2 -1 0 1 2 3
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Fig. 7. Mossbauer spectrum of complex 1 at 80 K.

A series of Fe(salen)X complexes with magnetic moments in the range 5.7—
—6.0 upg at room temperature obeyed the Curie—Weiss law with small values of 6.
The VT magnetic susceptibilities indicated that there was no significant magnetic
exchange present. This result strongly suggested that those complexes were five-
coordinate. In the case of nitromethane adduct of Fe(salen)Cl, X-ray diffraction
analysis25:26 revealed essentially square-pyramidal Fe(salen)Cl molecules, with
the nitromethane molecule as interstitial solvent. At room temperature that com-
pound had a magnetic moment close to the spin-only value for five unpaired
electrons and the crystals also showed considerable magnetic anisotropy. This
anisotropy arose from a zero-field splitting (ZFS) of the free-ion 6S term, due to
at least in part the low symmetry of the complex. Coordination of iron(Ill) com-
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plex with a salen-crown bi-compartmental macrocycle to Ba2* was reported pre-
viously and did not cause a change in the spin state of iron(III) in the solid state.2”
Based on the structural data, the magnetic behavior of 1 was explained by
the presence of anisotropy caused by ZFS, which will be also discussed in the
Mossbauer study, as well as by a small intermolecular interaction (zJ). The fol-
lowing Hamiltonian was applied to model the magnetic susceptibility of 1:20

A = 2 =2 =2
H=D(Szl. —S(S+1)/3]+E(Sx —Sy J (D)

Fitting the experimental data afforded the ZFS parameters: D = 4.5(1) cm1;
E=0.01(1) cm™! and g = 2.029(3) with intermolecular interaction zJ = —0.11(1)
cm1. Such values of the ZFS parameters were expected for square-pyramidal
coordination geometry and are consistent with reported in the literature data for
similar compounds.28.29

The Maossbauer spectrum of 1 (Fig. 7) was calculated as two broad singlets
with isomeric shift (£.S.) LS. 0.19 and 0.41 mm s~! and full width at half max-
imum (FWHM) of 0.67 and 4.64 mm s~!, respectively. The isomeric shifts are in
agreement with high-spin iron(IIl) as also suggested from V7 magnetic suscept-
ibility measurements. Lack of quadrupole splitting indicates spherical symmetry
of the iron(III) charge cloud in 1.

The 1.S. and quadrupole splitting (AEq) for complex 2 at 80 K (Fig. 8) are
0.43 and 0.94 mm/s and FWHM for both lines of the doublet line is 0.66 mm/s.
These Mossbauer parameters are well comparable to that of iron complex with
S-methyl-bis(salicylidene)isothiosemicarbazide3? with 1.S. of 0.50 mm/s and
AEq = 0.95 mm/s and (FWHM)p, 0.64 mm s™! and (FWHM)R 1.16+0.03 mm s™!
referred to iron foil and indicate high-spin Fe(Ill) (S = 5/2). The main feature of
the Mossbauer spectrum of 2 and those of FelllQCl, where H,Q = S-methyl-bis-
(salicylidene)isothiosemicarbazide is their asymmetry, which was found temper-
ature-dependent for iron(Ill) complex with S-methyl-bis(salicylidene)isothio-
semicarbazide. The intensity of the two absorption peaks of the Mdssbauer
spectra of this latter complex was shown to be equalized at 4.2 K. The observed
asymmetry of the Mdssbauer spectra is likely due to spin-orbit coupling, which
removes Zeeman degeneracy of the ground state ©S into three Kramer’s doub-
lets, and different spin relaxation rates for the level +1/2 and for +3/2 and
+5/2.25:31 This degeneration can be characterized in the first approximation with
terms of ZFS (D and E) based on the Hamiltonian used for the description of
magnetism. Similar spectroscopic behavior was also reported for iron(IIl) com-
plexes with porphyrins.28

Somewhat different AEq values to those for high-spin octahedral and five-
-coordinate iron(Ill) complexes with thiosemicarbazones32:33 are likely due to
difference in population of dy2 2, dy,-orbitals from one side, and d;2, d,;, d,.-orb-
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itals from the other side, because of different ligand identity and coordination
geometry of iron(Ill). The total s-electron density on the nucleus remained
unchanged, while the quadrupole splitting markedly differed.

Relative Transmission

-3 -2 -1 0 1 2 3
Velocity [mm s7']

Fig. 8. Mossbauer spectrum of complex 2 at 80 K.

The Mossbauer spectrum of complex 3 (Fig. 9) revealed a doublet with
almost equal intensity of both lines already at 80 K. The 1.S. and AEq of 0.42 and
0.74 mm s~ ! respectively, and FWHM of 0.35 mm s~! are close to the Mdssbauer
parameters for complex 2 and in agreement with high-spin configuration of Fe(III).

1.00 1

.90 ~

Relative Transmission
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Fig. 9. Mossbauer spectrum of 3 at 80 K.

The departure of the iron(IIl) charge cloud from spherical symmetry of the
free iron(III) ion is higher in complex 2 with chlorido apical ligand (AEg = 0.94
mm s~ 1) than in complex 3 with azide as co-ligand (AEqg = 0.74 mm s !). The
same picture was disclosed previously for iron(IIl) porphyrin complexes.28

The magnetic measurement for complex 4 showed an expected, for dimeric
u-oxido-bridged iron(Ill) complexes, temperature dependence (Fig. 10). The
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effective magnetic moment was of 2.65 up (0.875 cm3 K mol~1) at 300 K and
decreased steadily up to 0.6 up at 2 K. This behavior indicated a strong antiferro-
magnetic interaction between the two high-spin iron(Ill) centers. From this inter-
action resulted a spin ground state St = 0. The low temperature curve indicated
the presence of temperature independent paramagnetism (TIP). The fitting proce-
dure gave a coupling constant J = —113.1 cm™! (H = -2JS-S,, g = 2.0 fixed
parameter) and TIP of 496x10~6 cm3 mol~! per dimer.

Heff/ Hp Ao/ €MU

55 £ 020

2.0 .015
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Fig. 10. The V'T effective magnetic moment u.¢ and V7 molar magnetic susceptibility for
di-iron(IIT) complex 4.

The strong antiferromagnetic Fe—Fe interaction with a similar magnitude of
—115.3 cm! was reported for u-oxido di-Fe(III) complex with 1,2-bis((3-meth-
oxysalicylidene)amino)ethane34 and other p-oxido-bridged diiron(IIl) complexes
and falls in the range of those calculated from empirical correlation equations
considering the average Fe—O bond within the y-oxido bridge.33

Electrochemical studies

The electrochemical behavior of 1-4 in MeCN was studied by cyclic volt-
ammetry. The cyclic voltammogram of [FelllLCI] (2) in MeCN/n-BuyNPFg at Pt
working electrode at scan rate of 100 mV s~ showed in the cathodic region a
quasireversible reduction with cathodic half-wave potential £, = —0.64 V vs.
Fc*/FcO (Fig. 11a). This event was attributed to the one-electron reversible red-
uction of Fe(IIl) to Fe(I). At more negative potentials new redox processes were
identified in the range from —1.2 to —1.4 V vs. Fc*/FcY, which were likely due to
the ligand reduction. Coordination of iron(Ill) complex via its crown ether
moiety to Ba2* led to a shift of the first reduction step for 1 to the less negative
value of —0.41 V vs. Fc*/FcO when compared to 2 indicating a quite strong effect
of Ba2* binding to the macrocycle on the redox behavior of Fe(Ill) (Fig. 11b).
The second nearly irreversible reduction step took place at Epc = —1.68 V vs.
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Fc*/FcO. Replacement of the chlorido co-ligand by azide (N3~) co-ligand
afforded a slight shift of the cathodic half-wave potential for 3 (Ejp = -0.67 V
vs. Fc™/Fc¥) when compared to 2. The second nearly irreversible cathodic peak
for 3 was seen at Epc = —1.1 V vs. Fc*/Fc0. For the dimeric u-oxido bridged
iron(IIT) complex [(Fe!llL),0] (4) a more complex redox behavior in the cathodic
part was observed (Fig. 12).

(a)
0.2-
0.04
<
-0.2 4
0.4
46 44 42 40 08 06 04 02
Evs Fc'[Fe/V
(b) 4l
0.0
E“ 0.4 ) )
= Fig. 11. Cyclic voltammetry of: a)
[FeLCI] (2) and b) complex 1 in
-0.81 MeCN/n-BuyNPFg at Pt working elec-
trode (scan rate 100 mV s°!, black trace
— the first scan, red trace — the second

1.2 ; : . . . . : ’ .
20 -6 -12 08 -04 00 04 scan, dashed lines — reduction to the

Evs Fc'lFc/V first redox event).

The corresponding cyclic voltammogram showed the first reduction peak at
Epe =—1.29 V vs. Fc*/FcO with a strongly shifted reoxidation peak at —0.54 V
exhibiting typical features of either a slow electron process or electrochemical
square scheme. We suggest that a strongly shifted reoxidation peak upon reverse
scan was due to a significant rearrangement of the dimeric complex after one
electron reduction of one Fe(Ill) center in the dimer to Fe(II). Note that no
oxidation process was observed in the range from —0.1 to 0.3 V just going to the
anodic region before starting the reduction. The second reduction peak at Epc =
=—1.50 V vs. Fc*/Fc0 showed reversible behavior and was tentatively ascribed to
the reduction of the second Fe(Ill) in the dimer at a slightly more negative pot-
ential compared to the first reduction event. Additionally, a further quasirev-
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ersible, likely ligand-based, reduction at more negative potential (Epe = -2.0 V
vs. Fc*/Fc0) was found. Generally the dimeric u-oxido-bridged iron(IIT) complex
exhibited more negative redox potentials compared to those of the monomeric
counterparts. No oxidation processes were observed in the range from —0.4 to
+0.4 V vs Fc™/Fc® when going to the anodic region.

()

0.2
0.0

-0.24

1/uA

-0.4 4

-0.6 4

038 T T T T T T T T 1
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(b) 04-
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Fig. 12. a) Cyclic voltammetry of dim-
eric u-oxido-bridged iron(Ill) complex
[(FeL)],0] (4) in MeCN/n-Buy,NPFg
at Pt working electrode (scan rate 100
mV s’!, black traces — the first scan,
red traces — the second scan, dashed
. . . lines — reduction to the first redox
24 2.0 -16 12 -0.8 04 event); b) cathodic reduction of 4 when
EvsF¢'fFc/V going to the more negative potentials.
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CONCLUSION

Transmetallation reaction of [ZnLIBa(CF3SO3)(CH30H)], with excess
FeCl3-6H,0 in methanol afforded the high-spin iron(II)-barium(Il)—zinc(Il)
complex 1. Accommodation of barium(Il) in the crown-ether moiety and coor-
dination of tetrahedral dication [ZnCl4]?~ via three chlorido co-ligands (face) or
via two chlorido ligands (edge) resulted in spherical symmetry of the iron(III)
charge cloud as implied from the lack of quadrupole splitting in Méssbauer spec-
trum. Demetallation of crown-ether moiety by treatment of 1 with guanidinium
sulfate afforded the mononuclear high-spin iron(Ill) complex [FellILCI] (2),
which was further converted by metathesis reaction into [FelllL(N3)] (3). Like in
1, the iron(IIT) in 2 and 3 adopts high-spin electronic configuration and square-
-pyramidal coordination geometry. In contrast to 1, complexes 2 and 3 show a
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quadrupole doublet in Méssbauer spectra at 80 K. The doublet asymmetry, which
was more obvious in the spectrum of 2, was likely due to spin-orbit coupling of
the ground state 6S into three Kramer’s doublets and different spin relaxation
rates for the level £1/2 and for +3/2 and +£5/2 as was also observed in five-coor-
dinate iron(IIl) complexes with porphyrins. Complexes 2 and 3 in the presence of
a strong base were found to form the u-oxido-dimeric iron(Ill) complex
[(Fe!llL),0] (4). The VT magnetic measurements for 4 indicated strong antiferro-
magnetic interaction between two high-spin iron(IIl) centers and a spin ground
state ST = 0. Cyclic voltammograms showed that complexes 1-3 can be quasirev-
ersible reduced by one-electron at iron center. The £/, reduction potential fol-
lows the order: 1 > 2 > 3. The u-oxido diiron(IIT) complex can be reduced step-
wise at more negative potentials (—1.29 and —1.50 V) compared to those for
mononuclear compounds (-0.41 V for 1, —0.64 V for 2 and —0.67 V for 3) indi-
cating marked electrochemical communication between the two iron centers in 4.
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CAJIIPXKE KPYHA-ECTAPCKHU U BUC(CAJTMIIUIHUIEH)-U30TUOCEMUKAPBASUIHU
OCTATAK

VLADIMIR B. ARION', OLEG PALAMARCIUC?, SERGIU SHOVA?, GHENADIE NOVITCHI u PETER RAPTA®
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['naBHM LWbHEBH pafia OWIM Cy CHHTe3a M KapakTepusauuja komruiekca rsoxbha(Ill) ca
guronujckum nuranfom HzL xoju ce cactoju on duc(canvuuaugeH)u30THOCeMUKApOasHIHOT
ocraTka ca N20; HOHODCKMM CETOM M KpyHa-eTapckor octaTka ca Os JOHODCKMM CETOM
aroma. CHHTETHCAaHa Cy YeTHPH BHUCOKOCIHHCKa Komruiekca rBoxha(Ill) dopmymna
[Fe"LCIBa(CH30H)(H20)05(ZnCls)] (1), [FeLCl] (2), [Fe™L(N3)] (3) u [(Fe'"L):0] (4).
Kommekcu cy okapakTepucaHd MaceHOM crektpomerpujom, IR u UV-Vis cmexrpocko-
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MHjOM, MEpemhUMa MarHeTHe CyClenTUOWIHOCTH ITPHU BapHjadUIHOj TemniepaTypu, Mossbauer
CHEeKTPOCKONHjoM, JU(DPaKLHjoM PEHATeHCKUX 3paka Ha MOHOKPUCTAIY U LUKIHYHOM BOJITA-

METPUjOM.
(ITpumsbeHo 7. jyHa, peBuaupaHno 4. jysna, npuxsaheno 8. centemdpa 2023)
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ANALYTICAL AND SPECTRAL DATA
[Fe'LCIBa(CH,OH)(H,0), 5(ZnCly)]-CH,OH (1-CH;0H)

Anal. Found, %: C, 29.91; H, 3.29; N, 4.05. Calcd for C,4 sH33BaClsFeN3;Og 5SZn (M,
973.43), %: C, 30.23; H, 3.42; N, 4.32. ESI positive: m/z 513 [FeL]*; ESI negative: m/z 169
[ZnCl5]7; FAB: m/z 685 (100%), m/z 720 (50%), m/z 571 (47%).

[Fe'LCl]-CH,CI, 0.5H,0 (2-CH,Cl, 0.5H,0)

Anal. Found, %: C, 43.11; H, 3.99; N, 7.01. Calcd for C3H,sFeN;O¢ sSCl;3 (M, 642.73),
%: C, 42.98; H, 4.08; N, 6.54. IR spectra, selected bands, v, cm!: 2984(w), 2921(w), 1599(s)
(C=N), 1577(m), 1244(m), 738(m).

[FeML(Ny)] (3)

Anal. Found, %: C, 47.31; H, 3.99; N, 15.05. Calcd for C5,H,3FeNgO¢S (M, 555.37), %:
C, 47.58; H, 4.17; N, 15.13. IR spectra, selected bands, v, cm™': 2924(w), 2034(m) (N3,
1578(s) (C=N), 1246(m) (C-N), 736(m).

[(Fe"'L.),0]-H,0 (4-H,0)
Anal. Found, %: C, 49.91; H, 4.54; N, 7.79; S, 5.81. Calcd for Cy4HygFe;NgO4S, (M,

1060.71), %: C, 49.82; H, 4.56; N, 7.92; S, 6.05. IR spectra, selected bands, v, cm™: 2919(w),
2982(w), 1600(s), 1578(s), 1248(m) (C-N), 840(m) (FeOFe), 731(s).

* Corresponding author. E-mail: vladimir.arion@univie.ac.at
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Table S-1. Crystal Data and Details of  Data Collection for

[Fe'LC1Ba(CH;0H)(H,0), 5(ZnCly)]-H,0 (1-H,0), [Fe'LC1]-CH,Cl,-0.5H,0
(2-CH,C1,-0.5H,0) and [(Fe!l'L),0]-CHCl; (4-CHCI)
Compound 1-H,0 2-CH,Cl,-0.5H,0 4-CHCly
empirical formula C23H30BaCl5FeN3Og'5SZ C23H26C13F6N3O6'5 C45H47C13F62N6013S
n S 2
fw 952.37 642.73 1162.05
space group P-1 P2,/c P-1
alA 10.1054(2) 19.8072(9) 12.926(2)
b/ A 10.2497(2) 18.0736(8) 13.460(2)
c/A 18.7003(4) 16.8200(8) 14.438(2)
al® 90.031(1) 93.451(9)
pl° 93.822(1) 113.778(2) 96.088(9)
y/° 119.201(1) 94.944(10)
V/A3 1685.79(6) 5510.2(4) 2482.4(7)
zZ 2 4 2
A/A 0.71073 0.71073 0.71073
Peatea/ £ cm ™ 1.876 1.550 1.555
cryst size / mm? 0.70 x 0.35 x 0.14 0.33 x0.18 x 0.07 0.50 x 0.25 x 0.25
T/K 100(2) 100(2) 100(2)
4/ mm™! 2.793 0.959 0.900
R 0.0502 0.0644 0.0430
WR,P 0.1372 0.1753 0.1129
GOF° 1.069 1.071 1.048

URy = Z[Fo| = IFVZIFo|. ® wRy = {Z[w(F? = FAPVE[W(FA) T} 2.
¢ GOF = {Z[w(F2 - F,2)?)/(n — p)}'/2, where n is the number of reflections and p is the
total number of parameters refined.
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Abstract: The synthesis, structural analysis and spectroscopic characterisation
of three new 7-azaindole ligands is reported, alongside a novel 7-azaindole der-
ived coordination polymer, with the aim of identifying new bridging ligands
containing inner-sphere hydrogen bond donor functionality. Structural charac-
terisation shows that the 7-azaindole hydrogen bond donor ability is signific-
antly stronger in the hydrazone and imine species 1 and 2 compared to the
amine 3, with the opposite trend evident in their hydrogen bond acceptor char-
acter. These findings are mirrored by the fluorescence spectroscopy results
which show bimodal emission, characteristic of multiple emissive species rel-
ated by proton transfer, is only evident in the amine species and not the more
acidic imines. The polymeric copper(Il) complex of the hydrazone ligand 1
shows the anticipated inner-sphere hydrogen bonding with a similar donor
strength to that observed in the free ligand, which leads to deformation in the
remainder of the coordination sphere. These results show the untapped versat-
ility of the 7-azaindole functional group as a building block for ligands in coor-
dination polymers and other multinuclear assemblies, with the potential for both
stabilisation through hydrogen bonding and interesting photophysical properties.

Keywords: coordination chemistry; X-ray crystallography; Schiff bases; fluores-
cence spectroscopy.

INTRODUCTION

In the development of new functional coordination compounds, careful and
deliberate ligand design is essential for balancing geometry and functionality.! In
this regard, synthetic routes which allow access to a broad range of ligand func-
tionalities are useful for fine-tuning properties of the resulting coordination com-
pounds.2-3 The Schiff base functionality is useful for these purposes, as simple
aldehyde and amine precursors can be used to self-assemble ligands (or libraries
of ligands) and coordinate to metal ions in situ.*> Schiff base complexes, and

* Corresponding author. E-mail: c.s.hawes@keele.ac.uk
https://doi.org/10.2298/JSC230623061C
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those of related hydrazone and semicarbazide functionalities,®7 have been widely
explored for catalysis, medicine, molecular magnetism and sensing applications,
among others.8-12 These complexes often suffer from relatively low stability in
the presence of water and other nucleophiles, however, which despite providing
interesting possibilities for reversible self-assembly!3 can also limit their use in
aqueous environments. As such, the inclusion of extra stabilising interactions
around the coordination sphere may be a viable strategy for the generation of
new stable Schiff base complexes.

Our interest in this area has concerned nitrogen heterocyclic ligands with
hydrogen bond donors near the metal ion.!4 Such species may strengthen the
coordination sphere against chemical degradation, both through the enthalpic
contribution of extra bonding interactions but also by restricting molecular rot-
ation or rearrangement.15:16 The /H-pyrazole moiety is the quintessential example
of such a ligand, and many instances of hydrogen-bonded assemblies in pyrazole-
-containing complexes are known.!7-19 However, expansion of this approach to
larger or fused heterocycles is less common.20 The 7-azaindole (7Al) fragment
shows similar structural characteristics to /H-pyrazole in this regard. As shown
in Fig. 1, 7AI contains a heterocyclic N-H hydrogen bond donor (with similar
acidity to pyrazole) separated by one carbon to an imine-like nitrogen atom, and
with a carbon backbone readily capable of derivatisation to add additional metal
coordination sites. The photophysics of the parent heterocycle have been widely
studied based on the tendency for solvent-dependent excited state proton transfer
in the dimer and solvent adducts,2!-23 and as a simplified structural analogue for
DNA base pairs.24 Despite the interest in these compounds, surprisingly there
have been relatively few investigations into the coordination chemistry of 7AI
ligands in polymeric species, mostly focused on N-substituted derivatives.25-27
Here we describe our attempts to develop heterotopic 7Al ligands, investigations
into their photophysical behaviour, and report an unusual structurally character-
ised example of a 7Al-based coordination polymer.

I\Z N
Z/ \
2

=

I

HN

Y

N

N/

P /Z\
/Z

=z
=z

7Al Dimer 1 2 3

Fig. 1. Compounds of interest to this study; the 7-azaindole hydrogen-bonded dimer
represented as the ground-state tautomer (7AI Dimer), and the structures of compounds 1-3.
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EXPERIMENTAL
Materials and methods

All starting materials and reagents were purchased from Merck or Fluorochem. NMR
spectra were collected using a Bruker Avance III HD spectrometer using DMSO-d and refer-
enced to the residual solvent peak. Infrared spectra were recorded on a Thermo Fisher Nicolet
iS10 spectrometer with an ATR sampling attachment. Elemental analysis was performed on a
Thermo Flash 2000 CHNS elemental analyser. Photophysical measurements were collected
using an Agilent Cary 60 Bio spectrophotometer and an Agilent Cary Eclipse fluorimeter
using Starna quartz cuvettes of 1 cm path length. X-ray powder diffraction patterns were col-
lected using a Bruker D8 Advance diffractometer with CuKa (1 = 1.5406 A) radiation.
Samples were mounted on a zero background silicon sample holder, and measured in the
range 5-55° (26). Single crystal X-ray diffraction methods, as well as analytical and spectral
data, are given in the Supplementary material to this paper. Hydrogen bonding parameters are
given in Table L.

TABLE 1. Hydrogen bonding parameters for all structures; symmetry codes: '1-x,~1/2+y,3/2—z;
22x,-1/12+y,112—z; 3~ 1-x,1-y,1-z; 1-x,1-y,~z; S+x,+y,—1+z; 01/2-x,1-9,1/2+z; 73/2-x,1-9,1/2+z

D-H---A d(D-H)/A dH-A)/ A d(D-A)/ A D-H-A/°
Compound 1

N2-H2---N5! 0.897(17) 1.977(18) 2.868(3) 173(3)

N7-H7---N10? 0.902(17) 1.946(18) 2.840(3) 171(3)
Compound 2

N2-H2---N13 0.914(18) 1.958(19) 2.865(4) 171(3)
Compound 3

N2-H2---N14 0.895(15) 2.054(16) 2.933(2) 167(2)

N3-H3---N5° 0.889(16) 2.104(16) 2.990(2) 174(2)

Poly-[Cu(1)Cl,]
N2-H2---CI2¢ 0.88(2) 2.39(3) 3.225(4) 157(4)
N4-H4---ClI17 0.89(2) 2.56(3) 3.380(3) 154(4)

Synthesis of 7-azaindole-3-carboxaldehyde 2-pyridylhydrazone (1)

To a suspension of 7-azaindole-3-carboxaldehyde (243 mg, 1.66 mmol) in 25 mL of
methanol was added 2-hydrazinopyridine (183 mg, 1.67 mmol), and the mixture was heated
under reflux for 24 hr. On cooling to room temperature an orange precipitate formed which
was isolated by filtration, washed with methanol and dried in air. Yield 210 mg (53 %).

Synthesis of 7-azaindole-3-carboxaldehyde 4-(N-imidazolyl)phenyl imine (2)

To a suspension of 7-azaindole-3-carboxaldehyde (549 mg, 3.76 mmol) in MeOH (25
mL) was added 4-(N-imidazolyl)aniline (597 mg, 3.74 mmol), and the mixture was heated
under reflux for 24 h. On cooling to room temperature, the resulting off-white precipitate was
filtered, washed with cold methanol and air dried. Yield 559 mg (52 %).

Synthesis of 3-(4-(N-imidazolyl)phenyl)aminomethyl-7-azaindole (3)

To a suspension of compound 2 (540 mg, 1.88 mmol) in MeOH (50 mL) was added
NaBH, (160 mg, 4.22 mmol) portion-wise over 30 min. Following this addition, the mixture
was stirred at room temperature overnight. After 24 h, the solution was poured onto ice water
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(15 mL) and the white precipitate was isolated by filtration, washed with a 1:1 MeOH:H,0O
mixture, and dried in air. Yield 486 mg (89 %).
Synthesis of poly-[Cu(1)Cl,]

A suspension of 1 (11 mg, 46 umol) in methanol (5 mL) was combined with a solution
of copper(Il) chloride dihydrate (7.0 mg, 41 pmol) in methanol (5 mL). The resulting dark
brown solution was dispersed by sonication for 10 min before being filtered, and the filtrate
was subjected to diffusion of diethyl ether vapour. Dark brown crystals were formed within 24 h,
isolated by filtration and washed with a small amount of cold methanol. Yield 8.5 mg (56 %).

RESULTS AND DISCUSSION

The synthesis of the 7AI derivatives 1 and 2 was achieved in a single step
condensation reaction from 7-azaindole-3-carboxaldehyde and 2-hydrazinopyrid-
ine or N-(4-aminophenyl)imidazole, respectively. Reduction of 2 with sodium
borohydride afforded the amine derivative 3 in good yield. These ligands, shown
in Fig. 1, were chosen for a study into the effect of backbone substitution on the
coordination chemistry and photophysics of 7Al derivatives, based on their pot-
ential for bridging coordination through the additional heterocyclic groups.
Single crystals of all three ligands were first analysed by single crystal X-ray
diffraction to determine their geometric parameters and tendencies for hydrogen
bonding in the absence of metal ions.

Single crystals of 1 were prepared by recrystallization from ethanol, and the
diffraction data were solved and refined in the monoclinic space group P2i/c
with Z' = 2. The two residues in the asymmetric unit vary only slightly in their
molecular geometry. Both residues adopt the expected E configuration at the
hydrazone and essentially coplanar anti conformations for the terminal pyridine
rings, with Npy—C—N(H)-N torsion angles of 178.7(2) and 169.5(2)° for residues
1 and 2, respectively, as shown in Fig. 2. A slight difference is also observed in
the azaindole: - -pyridine interplanar angles for the two residues, of 10.6 vs. 12.8°,
respectively.

The anti conformation of the pyridylhydrazone in 1 results in both this group
and the 7AI moiety adopting equivalent hydrogen bond donor/acceptor capabil-
ities. Interestingly, the hydrogen bonding mode observed for both residues is a
head-to-tail interaction between one 7Al group and one pyridylhydrazone group,
rather than the more symmetric head-to-head/tail-to-tail pairing. Generally, form-
ation of the strongest donor/acceptor pair is expected, followed by the next
strongest, although this can be complicated by many structural factors.28 While
unsubstituted 7AI has a higher ground state pKa than typical pyridylhydrazones
(12.1 vs. 10-11, respectively),2930 we would anticipate the electron withdrawing
substituent at the 7Al 3-position to bring these two values closer to unity. How-
ever, the difference in geometry for the resulting R,2(8) rings3! presumably dis-
favours the symmetric dimer which is observed in simpler 7AI systems.32 Here,
the idealised N-H vector is 18° removed from the acceptor lone pair in 7Al,
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compared to these vectors being parallel in the pyridylhydrazone (as with other
hydrogen bond dimers, such as carboxylic acids).33 The difference in hydrogen
bond donor strength is evident from the difference in donor--acceptor distances,
which fall at 2.869(3) and 2.840(3) A for the 7AI donors and 3.048(3) and
3.195(3) A for the hydrazone donors. These hydrogen bonds between molecules
lead to two crystallographically independent, parallel hydrogen bonding chains
oriented parallel to the b axis. These chains further interact through n-- -7 contacts
which, as expected, take a head-to-tail form to favour contact between the relat-
ively electron rich and poor regions of the two aromatic systems.

Fig. 2. a) Structure of compound 1 with
atom labelling scheme. ADPs are ren-
dered at the 50 % probability level, and
the second fragment is omitted for clar-
ity. b) The hydrogen bonding beh-
aviour of compound 1. Selected hyd-
rogen atoms are omitted for clarity.

Single crystals of compound 2 were isolated from ethanol, and the diffract-
ion data were solved and refined in the monoclinic space group P21/n with Z' =
= 1. The structural model confirms the expected structure as shown in Fig. 3,
showing the E configuration of the imine and an essentially coplanar shape, with
the central phenyl ring exhibiting mean interplanar angles of 6.3 and 23.8° rel-
ative to the 7Al and imidazole groups, respectively. With only one classical hyd-
rogen bond donor, the centrosymmetric 7Al dimer motif is observed with an
N---N distance of 2.865(4) A equivalent to the 7AI-donated interactions seen in
1, and N-H:---N angle of 171(3).° Neither the imine nor imidazole nitrogen atoms
participate in any significant directional interactions with other hydrogen atoms.
The dominant modes of intermolecular interaction beyond hydrogen bonding are
edge-to-face C-H:---m contacts between the imidazole and 7AI groups. The short-
est interatomic distances of 3.532(5) and 3.544(5) A for C17---C3 and C6---C15,
respectively, are consistent with typical magnitudes for such interactions.34
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Fig. 3. a) Structure of compound 2 with atom labelling scheme. ADPs are rendered at the 50 %
probability level. b) Hydrogen bonding behaviour in the structure of 2 consisting of a
centrosymmetric 7Al dimer-type motif. Selected hydrogen atoms are omitted for clarity.

For comparison with additional hydrogen bond donation capability, and to
provide a spectroscopic comparison with a more electron rich 7AI derivative,
compound 2 was reduced to the amine 3, which was crystallised from ethanol.
The diffraction data for 3 were solved and refined in the monoclinic space group
P2/n, with Z' = 1. Reduction to the amine is evident from the longer C—N bond
(1.446(3) A, cf 1.285(4) A in 2) and a significantly less planar geometry, with
the 7AI---phenyl interplanar angle increasing to 66.9°, while the imidazole—phe-
nyl interplanar angle remains similar at 34.4°. The centrosymmetric 7AI dimer
hydrogen bonding motif is again evident, as shown in Fig. 4, although reduction
to the amine leads to a much longer N---N distance of 2.933(2) A, while the
N-H---N angle is unchanged at 167(2)°. The longer donor---acceptor distance in
this interaction likely relates to lower acidity of the N-H group following loss of
the electron withdrawing imine. This is supported by the infrared spectra for the
three ligands. Compounds 1 and 2 show similar broad absorbances at 3205 and
3210 cm !, respectively, consistent with the NH stretch in a hydrogen-bonded
7AI species.35 In 3, this band is shifted to a higher frequency of 3247 cm™!
indicative of a decrease in hydrogen bond donor strength for this species in the
solid state.

In addition to the 7AIl dimer, further hydrogen bonding is evident between
the amine N—H group and the imidazole nitrogen atom of adjacent molecules, at
a similar donor---acceptor distance of 2.990(2) A and N-H---N angle of 174(2)°.
The combination of both interactions leads to the formation of a one-dimensional
hydrogen bonded ribbon oriented parallel to the ¢ axis. Adjacent ribbons interact
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through a series of diffuse n--*m and C—H:--m contacts, although these are less
prominent than those in 2 due to the lesser degree of conjugation in 3.

(a) ?,@)

s

o
A
et
Fig. 4. a) Structure of compound 3 with atom labelling scheme. ADPs are rendered at the 50
% probability level. b) The hydrogen bonding environment in the structure of 3. Selected
hydrogen atoms are omitted for clarity.

With the structures and key interaction modes of 1-3 confirmed, we turned
our attention to their use as ligands for coordination compounds. Despite our
efforts over a range of conditions (near-ambient to high temperature hydro/solvo-
thermal), we were unable to isolate any coordination compounds containing lig-
ands 2 or 3, instead generally recovering either unreacted starting materials or
unidentified decomposition products. We ascribe these to the poor solubility of
these species and vulnerability to either hydrolysis (2) or acid catalysed amine
elimination (3)39 reactions at high temperatures, alongside low stability constants
for the pure monodentate coordination modes. However, the chelating ligand 1
readily reacted with copper(Il) chloride dihydrate at room temperature, to form a
dark brown solution giving crystals on standing overnight or under diffusion of
diethyl ether vapour, which analysed for a complex of the formula poly-[Cu(1)Cl;],
a one-dimensional coordination polymer. The diffraction data for poly-[Cu(1)Cl;]
were solved and refined in the orthorhombic space group P212;2; with Z' = 1.
The copper ion adopts a distorted square pyramidal coordination geometry (75 =
= 0.22),37 where the basal plane is occupied by two cis-oriented chlorido ligands
and the chelating pyridylhydrazone moiety, while the axial position is occupied
by the 7AIl nitrogen atom, as shown in Fig. 5. The axial Cu—N distance of
2.293(4) A is significantly longer than those corresponding to the pyridine or
hydrazone nitrogen atoms (2.008(3) and 2.037(3) A, respectively, a consequence
of the typical axial bond elongation in square pyramidal d° complexes rather than
being indicative of any particular difference in donor strength. The copper ion
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acts as a corner in the expanded structure, relating each ligand segment to the
next by a mean interplanar angle of 86.6° as the overall zig-zag polymer aligns
parallel to the ¢ axis.

4

Fig. 5. a) Structure of poly-[Cu(1)Cl,] with atom labelling scheme. ADPs are rendered at the
50 % probability level. Symmetry codes used to generate equivalent atoms: (i) 2—x, 1-y,
1/2+z; (ii) Yo—x, 1=y, —1/2—z. b) The inner-sphere hydrogen bond in the structure of
poly-[Cu(1)Cl,] showing the deflection of the chlorido ligand.

Selected atoms are omitted for clarity.

The complex poly-[Cu(1)Cl,] contains two classical hydrogen bond donors,
and each engages in the expected N—H---Cl hydrogen bonding, given all other
acceptors are involved in coordination to the metal ion. As we had intended, the
7AI hydrogen bond donor engages in hydrogen bonding within the coordination
sphere to the adjacent chlorido ligand CI2, at an N---ClI distance of 3.225(4) A
and a relatively small N-H---Cl angle of 157(4)°. The donor---acceptor distance
for this interaction is comparable to that typically observed for N—H---ClI contacts
(3.2-3.3 A),38 and accounting for the ca. 0.35 A difference in atomic radii for N
and Cl, are consistent with the donor strength of this group observed in the struc-
ture of the free ligand. Notably, the chlorido ligand involved in this interaction is
also bent out of the basal plane, evident by the angle N5—Cul—CI2 of 159.22(9)
(Fig. 5b), compared to the N3—Cul-Cl1 angle of 172.47(9). The hydrazone N-H
group is oriented away from the coordination sphere, and instead donates a hyd-
rogen bond to the chlorido ligand Cl1 of an adjacent chain, as shown in Fig. 6.
The longer N---Cl distance of 3.380(4) and N-H---Cl angle of 154(4)° are con-
sistent with the previous observation of a weaker hydrazone N-H donor com-
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pared to 7Al. The inter-strand hydrogen bonding also facilitates additional 7 7
interactions between hydrogen bonded strands, where 7AI and pyridylhydrazone
groups interact with a minimum interatomic distance of 3.223(6) A for C1---C6
and a mean interplanar angle of 18.4°.

Fig. 6. The extended structure of the coordination polymer poly-[Cu(1)Cl,] showing the hyd-
rogen bonding behaviour between strands. Selected hydrogen atoms are omitted for clarity.

The structural data for compounds 1-3 suggest reduction of the imine at the
3 position leads to a decrease in hydrogen bond donor strength for the 7AI pro-
ton. Given the tendency for the photophysical properties of 7Als to be impacted
by proton transfer, we investigated the absorption and emission behaviour of
compounds 1-3 to probe this influence. In DMSO, all three compounds show
absorption bands with maxima in the range 22-26x103 L mol-! cm™! from n—n*
and/or m—7* transitions, as shown in Fig. 7. The more conjugated species 1 and
2 show lower energy absorbances at 325 and 331 nm, respectively, both with
higher energy shoulders. The absorbance for 3 has a maximum at 277 nm, with
any structuring at the high energy edge falling outside of the solvent window.
Excitation leads to emission in the near-UV to visible region of the spectrum;
compound 1 shows a single emission band with maximum at 457 nm, while the
emission from compound 2 is substantially blue-shifted to 378 nm. Given the
similar absorbance profiles and structures of the two compounds, this difference
in Stokes shift (8900 vs. 3800 cm!) is surprising, and may indicate the emissive
states in the two species arise from different tautomers or hydrogen-bonded envi-
ronments.

Compound 3, on the other hand, shows a structured emission profile in
DMSO comprised of two bands, the larger at 470 nm with a distinct second band
visible as a shoulder at 365 nm. These band positions are similar to those obs-
erved for 7-azaindole itself in protic solvents, where the “normal” emission at
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370 nm is accompanied by a tautomer band at 510 nm.3% In contrast to the emis-
sion profile here, the normal emission is usually more intense than the tautomer
band, although this trend can be reversed in solutions of more acidic alcohols
where emission from either the solvated tautomer or protonated cation can be
favoured.40
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Fig. 7. Combined absorption (solid markers) and normalized emission (hollow markers) spec-
tra for compounds 1 (black, 27 pM, 4., =318 nm), 2 (blue, 22 uM, 4., = 286 nm) and 3 (red,
26 uM, Aex = 300 nm) in DMSO.

To further explore the discrepancy in emission behaviour of the three 7Al
species, each was diluted into acetonitrile, as a weaker hydrogen bond acceptor
less likely to mediate proton transfer, and methanol, expected to alter any proton
transfer pathways by the formation of hydrogen-bonded solvent adducts. In ace-
tonitrile, all three compounds display essentially equivalent behaviour to that in
DMSO with only minor blue-shifting of the emission of all three compounds,
indicating slightly negative solvatochromism (Supporting Information). In meth-
anol, however, while compounds 1 and 2 exhibit the same behaviour (albeit at
much lower intensity, presumably due to extra vibrational relaxation with solvent
protons), the two emission bands in 3 are swapped in intensity, with emission
from the normal band at 368 nm much brighter than emission from the tautomer
band at 525 nm, as shown in Fig. 8. These findings suggest that only 3, lacking
conjugation at the 3 position, follows the typical excited state proton transfer
pathway of the parent 7-azaindole, while the fully conjugated 1 and 2 show emis-
sion behaviour which is mostly invariant to the local hydrogen bonding environ-
ment. This effect may relate to competition in electronic demand from the imine/
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/hydrazone substituent raising the energy of the proton transfer processes, or
additional decay pathways involving the backbone, such as photoinduced elec-
tron transfer (PET) depopulating the emissive states.
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Fig. 8. Normalized emission spectra for compounds 1 (black, 27 pM, 4., =318 nm), 2 (blue,
22 uM, Ay =280 nm) and 3 (red, 26 uM, A, = 300 nm) in MeOH.

CONCLUSION

Three new 7-azaindole derived ligands have been prepared and character-
ised, and used to generate a crystalline coordination polymer containing a 7-aza-
indole ligand. Structural analysis of the ligands shows the typical 7Al dimer
motif can be overridden in the presence of a more basic acceptor of similar
donor—acceptor geometry, while reduction from the imine to the amine signific-
antly reduces the donor capability of the N-H group. On reaction with copper(II),
the chelating hydrazone derivative 1 forms a linear coordination polymer con-
taining an inner-sphere hydrogen bonding motif, although likely due to the geo-
metric mismatch of donor and acceptor in this system this interaction was asso-
ciated with a deformation of the square pyramidal coordination sphere in this sys-
tem. Investigation of the photophysical properties of these ligands revealed that
only the reduced species 3 gave the solvent-dependent bimodal emission indic-
ative of proton transfer-related emission pathways in the excited state, while the
more acidic hydrazone 1 and Schiff base 2 exhibited more straightforward emis-
sion behaviour which was independent of solvent. These results outline a new
path to a diverse family of functional heterotopic ligands for coordination poly-
mers and MOFs, with 7Al-containing systems expected to offer useful inner-sphere
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hydrogen bonding capabilities alongside a potential fluorescent signalling mech-
anism which may be linked to the electronic environment of the adjacent proton.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12451, or from the corres-
ponding author on request. CCDC 2269543-2269546.

Acknowledgements. The authors gratefully acknowledge the Royal Society of Chemistry
(Research Enablement Grant E21-4110373157) and the School of Chemical and Physical
Sciences at Keele University for funding support. C.S.H. also acknowledges the X-ray dif-
fraction group at the University of Novi Sad for fruitful discussions in Schiff base chemistry,
facilitated by the Erasmus+ and Science Fund of the Republic of Serbia PROMIS schemes.

U3BOJ
JIMTAHHU CA 7-A3AMHIOJIHOM ®YHKIJMOHAJIHOM I'PYIIOM 3A ®OPMHUPAILE
BOJOHHMYHHUX BE3A Y YHYTPAIILOJ COEPU: CTPYKTYPHA U ®OTOPU3NYKA
HCITUTUBALA

ALEC B. COLES, OSKAR G. WOOD u CHRIS S. HAWES
School of Chemical and Physical Sciences, Keele University, Keele ST5 5BG, United Kingdom

Y oBOoM pafly omucaHa je CHHTe3a, CTPYKTYpHa aHajlM3a U CIEKTPOCKOICKA KapaKTepH-
3alidja TpY HOBA 7-a3aWHIOJHA JUTaHa, Ka0 U HOBOI KOOPIMHAIIMOHOT TIOJIUMepa Ca jeTHUM
Ol OBUX JIMTaHaja, a ca LWbEM UAEHTU(DUKALUje HOBUX MOCTOBHHUX JIMTaHaja Ca BOJOHMK-
-IOHODHUM Ipylama y yHyTpalmoj cdepu. CTpyKTypHa KapakTepHusalyja je nokasana ja 7-
-a3auHIO0MIU UMajy 00/by BOLOHUK-IOHOPHY CIIOCOOHOCT Y XHAPa30HCKOj M UMUHCKOj DOpMHU
(jenumemwa 1 u 2), y nopehemwy ca amuHckoM (3). HacympoT Tome, 0OpHYTH TpeH[ je onaxxeH
Kajla je UCNHUTHBaHAa BOJOHUK-aKILENTOpCKa CIHOCOOHOCT OBUX jenumerma. OBa casHamwa ce
pedrnexTyjy U y pesyiaraTuma (IyopecLieHTHE CIEKTPOCKOIHMje, KOjU MOoKa3dyjy OUMOmanHy
€MHCHjy KapaKTEPUCTUYHY 3a MPUCYCTBO BUIIIE XEMHjCKUX BPCTa KOje y4ecTByjy y TpaHcdepy
nporoHa. OBaj edexar je mpucyTaH KoJ aMUHA, ajld He U KOJI KUCEIUjUX UMUHA. Y CTPYKTYpH
noTUMepHOT KomIuiekca dakpa(ll) ca Xuapa3uHCKUM JTUraHaoM 1 youeHo je ouekuBaHO ¢op-
MUpakbe BONOHMYHMX Be3a Yy YHyTpallkoj chepy ca CIMYHOM jauMHOM Kao y CI0D0AHOM
JUraHfy, WTO NOBOOM N0 Jedopmauuje koopAuHauuoHe cdepe. OB pesyiaTaTd NOKasyjy
paHUje HEWCIHTHBAHy Da3HOJIMKOCT 7-a3avHAoNHe (GYHKIMOHANHE Ipyne Kkao Onoka 3a
U3rpajmy JMraHaja y KOOpOUHAIMOHUM NOTMMEpPHMa U JPYTUM MOIUHYKIEapDHUM BPCTaMa,
ca MOTeHLHUjaJIoM 3a CTadunu3anujy MyTeM BOJOHMYHOT Be3MBama M MHTEPECAaHTHUM (OTO-
(U3NUKUM CBOjCTBUMA.

(TTpumsbeHo 23. jyna; pesuaupano 10. jyna; mpuxsaheno 8. cenrembpa 2023)
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ANALYTICAL AND SPECTRAL DATA

7-Azaindole-3-carboxaldehyde 2-pyridylhydrazone (1). Mp 260 °C (decomp.); 3y (400
MHz; DMSO-dg) 11.90 (s, 1H, H11), 10.54 (s, I1H, H6), 8.54 (d, 1H, J=7.9 Hz, H1), 8.30 (d,
1H, J=4.8 Hz, H3), 8.21 (s, 1H, H4), 8.08 (d, 1H, J=4.9 Hz, H10), 7.80 (s, 1H, H5), 7.65 (t,
1H, J = 7.8 Hz, H8), 7.34 — 7.12 (m, 2H, H2 + H7), 6.70 (dd, 1H, J = 7.0, 4.9 Hz, H9), d¢
(100 MHz; DMSO-dg) 157.4, 149.3, 147.8, 143.7, 137.9, 136.4, 129.8, 128.2, 116.6, 116.5,
114.0, 111.4, 105.7; Viax (ATR, cm) 3205m br, 3068m, 2979m, 2784w, 2627w, 1598s,
1578s, 1541m, 1499w, 1456m sh, 1439s, 1413m, 1317m, 1286s, 1241m, 1126s, 1083s, 991s,
920m, 812w, 792w, 760s, 726m, 623s; Ama(DMSO) /nm (g /L mol! cm™) 326 (26700).
Single crystals for SCXRD were prepared by recrystallization from ethanol.

7-Azaindole-3-carboxaldehyde 4-(N-imidazolyl)phenyl imine (2). Mp 270 °C (decomp.);
dy (400 MHz; DMSO-d¢) 12.34 (1H, br s, H11), 8.75 (s, 1H, HS), 8.67 (d, 1H, J = 7.8 Hz,
H1), 8.35 (d, 1H, J=4.7 Hz, H3), 8.26 (s, 1H, H4), 8.17 (s, 1H, H8), 7.75 (s, 1H, H10), 7.67
(d, 2H, J= 8.3 Hz, H6), 7.38 (d, 2H, J= 8.2 Hz, H7), 7.26 (dd, 1H, J= 7.8, 4.7 Hz, H2), 7.11
(s, 1H, H9) &¢ (100 MHz; DMSO-d¢) 155.7, 151.3, 149.5, 144.3, 135.5, 134.0, 133.9, 130.1,
129.8, 122.0, 121.2, 118.1, 117.4, 117.1, 113.7; Vppay (ATR, cm™) 3210w br, 3111m, 3070m,
3019m, 2808m, 2597w, 1620m, 1607m, 1575s, 1505m, 1465m, 1416s, 1280s, 1243s, 1134s,
1116s, 1054s, 960w, 896m, 842s, 804s, 766s, 6575, 626s; Ayay (DMSO) /nm (g /L mol! cm!)
331 (24100). Single crystals for SCXRD were prepared by recrystallization from ethanol.

3-(4-(N-Imidazolyl)phenyl)aminomethyl-7-azaindole (3 ). Mp 234-238 °C; &y (400 MHz;
DMSO-dg) 11.44 (s, 1H, H12), 8.19 (d, 1H, J = 4.2 Hz, H1), 8.06 (d, 1H, J = 7.8 Hz, H3),
7.95 (s, 1H, H9), 7.50 — 7.44 (m, 2H, H4 + H11), 7.25 (d, 2H, J= 8.5 Hz, HS8), 7.04 (dd, 1H, J
=17.8, 4.6 Hz, H2), 7.00 (s, 1H, H10), 6.75 (d, 2H, J = 8.7 Hz, H7), 6.25 (t, 1H, J = 5.5 Hz,
H6), 4.40 (d, 2H, J = 5.6 Hz, H5) 8¢ (100 MHz; DMSO-d¢) 148.7, 148.0, 142.6, 135.4,
129.1, 127.1, 126.2, 124.2, 121.9, 118.9, 118.4, 115.0, 112.6, 111.4, 38.7; Viax (ATR, cm)
3247 m br, 3122m, 3092w, 3031m, 2886w, 1610s, 1582m, 1534s, 1519s, 1496m, 1457m,
1418s, 1359w, 1330s, 1306m, 1292m, 1275w, 1244m, 1180w, 1119s, 1058s, 982w, 961w,
911w, 842w, 817s, 765s, 659s; Apax (DMSO) /am (g /L mol! ecm™) 277 (25600). Single
crystals for SCXRD were prepared by recrystallization from ethanol.

* Corresponding author. E-mail: c.s.hawes@keele.ac.uk
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Poly-[Cu(1)Cl,]. Mp 196-198 °C (decomp.); Found C, 41.62; H, 3.04; N, 18.21;
Calculated for [Cu(1)Cl,] (C13H;NsCuCly) C, 42.01; H, 2.98; N, 18.84%; v,y (ATR, cm!)
3450 w br, 3229m br, 3104m, 1616s, 1569m, 1520m, 1502s, 1484s, 1427s, 1409s, 1337w,
1306m, 1248m, 1152w, 1119s, 1091s, 1059s, 1039m, 1014m, 937w, 869w, 826w, 793w, 767s
sh, 692m, 622s. Phase purity was confirmed with X-ray powder diffraction.

X-RAY CRYSTALLOGRAPHY

All crystal and diffraction data are given in Table S-1. Single crystal X-ray
diffraction data were recorded using a Bruker D8 Quest ECO diffractometer
equipped with graphite-monochromated MoKa radiation (A = 0.71073 A) and a
Photon II C14 pixel array detector. Temperature control was provided with an
Oxford Cryosystems Cryostream 800. Crystals were mounted on Mitegen
micromounts in NVH immersion oil, and datasets were collected using ¢ and ®
scans. Data collection and reduction was controlled with the Bruker APEX-3
suite of programs,! and multi-scan absorption corrections were applied using
SADABS.2 The corrected intensity data were solved using the intrinsic phasing
routine in SHELXT,3 and structural models were refined on F2 with full matrix
least-squares procedures in SHELXL,* operating within the OLEX-2 GUL5 All
non-hydrogen atoms were refined anisotropically, while hydrogen atoms were
modelled as isotropic and placed in calculated positions, except for those
involved in hydrogen bonding which were located from Fourier residuals and
refined with distance restraints and Ujg, dependencies 1.2 or 1.5 times those their
carrier atoms. CCDC 2269543-2269546.
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Table 1 Crystal and refinement parameters for all structures

Identification code 1 2 3 poly-
[Cu()Cly]
Empirical formula Cy3H N5 Cy7H5N;s C7H;5Ns C3H;CLL,Cu
Ns
Formula weight 237.27 287.32 289.34 371.71
Temperature/K 166 150 150 150
Crystal system monoclinic monoclinic monoclinic orthorhombic
Space group P2,/c P2,/n P2,/n P2,2,2,
a/A 17.0143(11) 5.8887(7) 6.1005(3) 7.8301(4)
b/A 17.1117(10) 8.0233(10) 25.2741(12) 13.5294(6)
c/A 7.9866(6) 28.779(3) 9.7148(5) 13.7427(6)
a/° 90 90 90 90
pr° 93.538(2) 94.406(3) 104.095(2) 90
v/° 90 90 90 90
Volume/A3 2320.8(3) 1355.7(3) 1452.78(12) 1455.85(12)
V/ 8 4 4 4
Pearcg/em? 1.358 1.408 1.323 1.696
20 range /° 5.638 to 5.678 to 4.614 to 5.928 to 54.99
51.996 51.436 52.946
Index ranges 20<h<20,- -7<h<7,-9 -7<h<7,-31 -10<h<10,-
20<k<2l,- <k<9,-35< <k<3l,-12 17<k<17,-
9<1<9 1<35 <I<10 17<1<14
Reflections collected 30794 17657 17760 19212
Independent 4542 [Riy = 2579 [Rijne = 2994 [Ri = 3346 [Riy =
reflections 0.0761, 0.1358, 0.0574, 0.0575,
Rsigma = Rsigma = Rsigma = Rsigma =
0.0513] 0.0951] 0.0454] 0.0467]
Data/restraints/parame 4542/4/337 2579/1/202 2994/2/205 3346/2/196
Goodnes:(l;:-ﬁt on F?2 1.037 1.047 1.06 1.036
Final R indexes [I>=26¢ R, =0.0572, R; =0.0752, R; =0.0494, R; =0.0327,
(1)) wR; =0.1309 wR,=0.1306 wR,=0.0973 wR,=0.0663
Final R indexes [all R; =0.0981, R; =0.1424, R; =0.0812, R; =0.0453,
data] wR; =0.1524 wR,=0.1529 wR,=0.1095 wR,=0.0705
Largest peak/hole / e 0.27/-0.25 0.22/-0.30 0.18/-0.24 0.53/-0.32
3
Flack lirameter n/a n/a n/a 0.015(9)
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Figure S-1. X-ray powder diffraction pattern for poly-[Cu(1)Cl,] comparing the measured
data at room temperature (red) to the pattern simulated from the single crystal dataset (black,
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Figure S-2. Normalized emission spectra for compounds 1 (black, 27 uM, A, =318 nm), 2
(blue, 22 uM, A, =286 nm) and 3 (red, 26 pM, A, =300 nm) in MeCN.
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Abstract: Structural and spectroscopic characterization (SXRD, IR, liq. N, tem-
perature Raman, UV) of hexaamminecobalt(Ill) dibromide permanganate,
[Co(NH3)6]Bry(MnOy4) (compound 1), are described. There is a 3D hydrogen
bond network including N-H---O-Mn and N-H---Br interactions, which could
serve as potential reaction centres for solid-phase redox reactions between the
ammonia ligands and/or bromide ions as reductants and permanganate ions as
oxidant agents. The effect of the nature of halogen ions on the structural and
spectroscopic properties of [Co(NH3)¢]Br,(MnOy) and the analogous chloride
compound, [Co(NH3)¢]Cl,(MnOy) (compound 2), are discussed in detail.

Keywords: permanganate; ammine; cobalt(Ill); IR and Raman spectroscopy;
solid-phase quasi-intramolecular redox reaction.
INTRODUCTION

The preparation and thermal decomposition of transition metal complexes
with reducing ligands and oxygen-containing anions are intensively studied areas

* Corresponding author. E-mail: kotai.laszlo@ttk.hu
# Serbian Chemical Society member.
https://doi.org/10.2298/JSC230702062B
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of coordination chemistry,!=5 especially due to the possible quasi-intramolecular
redox reactions observed between their reducing ligands and oxidizing anions,-10
which result in various simple and mixed nanosized metal oxides, nitrides or
alloys.11-21

The controlled-temperature thermal decomposition reaction of ammine com-
plexes with permanganate counter ion generally resulted in regular MIIMn,Oy4
spinels (M = Cu, Zn, Cd) from divalent and mixed spinels (MIMI1,04, M =
= CoVIL MnIVIL) from trivalent metals, depending on the decomposition condit-
ions.0~10 The permanganate salts of the ammonia complexes of cobalt(IIl) have
enormous importance (compound 1-3, Table I) because the mixed Co—Mn
oxides formed during their thermal decomposition (e.g., compounds 2—4) were
proved to be efficient catalysts in Fischer—Tropsch synthesis and in the photo-
chemical decomposition of toxic dyes (compounds 2 and 4).11:12 The Co:Mn
mole ratios in the prepared oxides can be adjusted with the Co:permanganate ion
ratios in the precursors, e.g., with the use of other counter ions such as carbonate
or halides. The presence of halide ions, depending on the chemical form (coor-
dinated or counter-ion) can drastically change the nature of the decomposition
products.!2:17 In order to predict the possibility of quasi-intramolecular solid-
-phase redox reactions, knowing the structural and spectroscopic features of the
potential precursors is essential, thus continuing our previous efforts to syn-
thesise, characterise and decompose various halogenide ion-containing ammine
complexes of cobalt(Ill) permanganate,11,12,15,17.21 \e have synthesized the
poorly characterized hexaamminecobalt(IIl) dibromide permanganate?2 and dis-
cussed its structural and spectroscopic features. The list of compounds used in
the evaluation of the properties of compound 1 is given in Table I.

TABLE I. Labels of compounds prepared or evaluated

Compound Label Co:Mn ratio Reference

[Co(NH;3)6]Br,(MnOy) 1 1 Present work

[Co(NH;3)6]C1,(MnOy4) 2 1 12

[Co(NH;3)4CO3]MnOy, 3 1 11

[Co(NH3)6](MnOy)s 4 3 12

[CO(NH3)6]BT3 5 — 23
EXPERIMENTAL

Chemical-grade cobalt(Il) bromide, ammonium bromide, hexachloridoplatinic acid
(H,PtClg6H,0), silver nitrate, sodium chromate, or 40, 25 and 37 % aq. sodium permangan-
ate, ammonia and hydrobromic acid solutions, respectively, were supplied by Deuton-X Ltd.
(Erd, Hungary).

Synthesis of compound 1

Compound 1 was prepared following Klobb’s method?? by a direct combination of 1.00
g of [Co(NH,4)3](MnQy,); and 4.13 g of [Co(NH3)e]Br; in 70 mL of water at 60.0 °C. The mix-



STRUCTURE AND SPECTROSCOPY OF [Co(NH3)s]Br2(MnO4) 1239

ture was stirred for 15 min and cooled in a refrigerator, where blocks of small strips of crystals
were formed at about 1 °C. Then the formed crystals were filtered off and dried in a desiccator
at room temperature.

Preparation of [Co(NH3)¢](MnOy)5 (compound 4) and [Co(NH3)g]Br; (compound 5)

[Co(NH;)e]Bry was prepared according to the method of Jorgensen,2® whereas com-
pound 4 was prepared according to our method.!2

Analytical methods

The classical analytical and basic instrumental measurements were performed using
methods and instruments described in detail in our earlier papers.!-> The essential conditions
of the measurement methods are listed below.

Elemental analysis. The Co and Mn content of compound 1 was determined by ICP-OES
(atomic emission spectroscopy) with a Spectro Genesis ICP-OES instrument (Spectro
Analytical Instruments GmbH, Kleve, Germany). A multielement standard (Merck Chemicals
GmbH, Darmstadt, Germany) was used for calibration. Bromide content was determined by
argentometric titration. The ammonia content was determined by gravimetry in the form of
(NHy),PtClg.

Vibrational spectroscopy. The FT-IR and far-IR spectra of compound 1 were recorded
between 4000-400 and 600-100 cm™! ranges in attenuated total reflection (ATR) mode using
a BioRad-Digilab FTS-30-FIR and a Bruker Alpha IR spectrometer, respectively.

Raman spectra were measured between 4000 and 200 cm™' on a Horiba Jobin-Yvon
LabRAM microspectrometer. An external 532 nm Nd:YAG laser source was used with ~40
mW power and an Olympus BX-40 optical microscope, with an objective of 20x for laser
beam focusing. A D2 intensity filter was used to decrease the laser power to 1 %, a confocal
hole of 1000 um, and a monochromator with 1800 groove mm-! (gratings were used for light
dispersion). The resolution was 3 cm’!, and the exposure times was 60 s. Due to its sensitivity,
the Raman measurement was conducted at 123 K (-150 °C) using a Linkam THMS600 tem-
perature control stage cooled by liquid N,.

UV-Vis spectroscopy. The room temperature UV—Vis diffuse reflectance spectrum of
compound 1 was measured with a Jasco V-670 UV—Vis instrument equipped with an NV-470
integrating sphere (BaSO, was used as standard).

Powder X-ray diffractometry. Powder X-ray tests were performed with a Philips PW-
-1050 Bragg—Brentano parafocusing goniometer equipped with a copper cathode (40 kV, 35
mA, secondary beam graphite monochromator, proportional counter). Scans were recorded in
the step mode and the diffraction patterns were evaluated with a full profile fitting technique.

Single-crystal X-ray diffraction. A clear red prism-like crystal of [Co(NH3)e]Bry(MnOy)
was mounted on a loop. Cell parameters were determined by the method of least squares using
29943 (3.080 < 0 < 30.510) reflections. Intensity data were collected on a Rigaku R-Axis
Rapid diffractometer (monochromator; MoK, radiation, A = 0.71073A) at 103(2) K. A total of
39290 reflections were collected of which 3727 were unique (R(int) = 0.1132, R(o) = 0.0438);
intensities of 3309 reflections were greater than 20(/). Completeness to ¢ = 1.000°. A num-
erical absorption correction was applied to the data (the minimum and maximum transmission
factors were 0.482 and 0.889).

The structure was solved by iterative methods (and subsequent difference syntheses).

Anisotropic full-matrix least-squares refinement on F2 for all non-hydrogen atoms
yielded Ry = 0.0438 and wR, = 0.0759 for 3309 (I > 25(/)) and R; = 0.0531 and wR, = 0.0783
for all (3727) intensity data, (number of parameters = 136, goodness-of-fit = 1.188, the max-
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imum and mean shift/esd are 0.001 and 0.000, respectively). The maximum and minimum
residual electron densities in the final difference map were 0.67 and —0.68 eA-3, respectively.
The weighting scheme applied was w=1/(c2(F,2) + (0.0133P)% + 3.4263P), where P = (F,2 +
+2F2)/3.

Hydrogen atomic positions were calculated from assumed geometries. Hydrogen atoms
were included in the structure factor calculation but they were not refined. The isotropic dis-
placement parameters of the hydrogen atoms were approximated from the U(eq) value of the
atom they were bonded to. CSD Deposition Number is 2277240.

Thermal studies

The DSC curves were recorded between —140 and 25 °C with a Perkin Elmer DSC 7
instrument, with a sample mass of 3—5 mg and a heating rate of 5 °C/min under a continuous
nitrogen or oxygen flow (20 cm? min!) in an unsealed aluminium pan.

RESULTS AND DISCUSSION
Synthesis and properties of compound 1

Hexaamminecobalt(I1l) dibromide permanganate (compound 1) was isolated
by Klobb22 in the reaction (1) of [Co(NH3)](MnOy4); (compound 4) and
[Co(NH3)6]Br3 (compound 5) in water at 50 °C in a mole ratio of 1:2:

[Co(NH3)6](MnOgy)3 + 2[Co(NH3)6]Br3 — 3[Co(NH3)6]Bra(MnOy4) (1)

The brilliant purple prisms of compound 1 contrary to the chloride complex
(compound 2) dissolve congruently in water. Repeating the Klobb’s experiment,
but with concentrated NaMnQOy, solution instead of KMnQOy4 solution, the yield
was found to be 84.3 %. The chloride complex (compound 2) was prepared with
17.6 % yield!2 under similar conditions. The satisfactory yield of compound 1
might be attributed to the higher permanganate concentration in the solution of
NaMnOy than in the concentrated solutions of KMnO424 and to the lower solub-
ility of compound 1 (0.32 g/100 mL water) than compound 2 (7.89 g/100 mL of
water).12 Some alternative reaction routes to prepare the permanganate salts25-28
were also tested but these methods resulted in mixtures of products due to by-
-reactions of the bromides.

Compound 1 is not soluble in common organic solvents like hexane, ben-
zene, toluene, CCly, chloroform, dichloromethane or acetone. [Co(NH3)g]Bry(MnOy)
decomposes at refluxing under xylene (b.p. 140 °C). During the DSC measure-
ment, there was no sign of structural transformation between —140 and 25 °C
(Fig. S-1 of the Supplementary material to this paper).

Structure of compound 1

Red prismatic single crystals of compound 1 were grown upon slow evapor-
ation of the saturated aqueous solution at room temperature. Some selected crys-
tallographic data of compound 1 based on the refinement results are compared
with the data of compound 2 in Table S-I of the Supplementary material.
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The structural features of compound 1 are given in Figs. 1-3. The bond
distances and angles including the parameters of the hydrogen bond system in
compound 1 are given in Tables S-II-S-IV of the Supplementary material.
Compound 1 crystallises in the monoclinic system with space group P2¢/c (Nr.
14). The asymmetric unit contains two (different) halves of hexaamminecob-
alt(Ill) cation (Fig. 1), and three anions (two bromides and one permanganate).
The unit cell contains 4 hexaamminecobalt(Ill) dibromide permanganate (Z = 4).

Y e 3

ng @B

Fig. 1. Structure and labelling of hexaamminecobalt(IIl) dibromide permanganate, hydrogen

bonds are drawn with grey dashed lines (thermal ellipsoids are drawn at the 50 % probability
level, symmetry codes to generate equivalent atoms: *: —x+1,—y+1,—z+1, ”: —x,—y+1,—z2).

Fig. 2. The unit cell of:
[Co(NH3)6]Bry(MnOy), (polyhedral repre-
sentation, hydrogen atoms are omitted for
clarity, anionic layers are marked with orange
shading).

The two different complex cations (labelled as A and B) in compound 1 have
distorted octahedral geometries (bond angles ranging between 89.0 and 91.1°,
very close to those in compound 2 (89.1 and 91.9°, Fig. 1). Each cation com-
ponent has three kinds of ammonia ligands. The ammonia ligands in the opposite
(axial) positions are equal within both cations A (N1,N1°; N2,N2’; N3,N3”) and
B (N4,N4”; N5,N5”; N6,N6”). The cations Co—N and anions Mn—O bond dis-
tances in compound 1 were found to be 1.957(3)-1.982(3) A and 1.608-1.627 A,
which values are a little bit shorter than those found in compound 2 (1.949-1.975
A and 1.605-1.622 A), respectively.
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Direct metal-metal interactions are not present in the structure of compound
1. The shortest Co—Co, Mn—Mn, and Co—Mn distances are 7.223, 6.922 and
5.032 A, respectively. The values of 7.198(1), 6.895(1) and 5.011(1) A were
found in compound 2. The packing arrangement of compound 1 is shown in Fig.
2. The structure is built up of two types of 2D cationic layers in the bc plane
alternating with anionic layers.

In the first cationic layer, hexaamminecobalt(IIl) cation A is placed together
with Brl anions whereas the second cationic layer is built up of cation B only
(without bromides). The Br2 ions are pushed into the anionic permanganate
layers. The anionic permanganate—Br2 layers are in close contact with the cat-
ionic B layers. In the layers of cation A, the charge is reduced due to the presence
of Brl anion, and the cation A stays further from the permanganate layers.

A total of 24 hydrogen bonds with various strengths exist between the two
kinds of complex cations and the bromideS and permanganates. The ammonia
molecules of cation A form three to four and in cation B three to five hydrogen
bonds, with the permanganates and bromides. Each bromide has six hydrogen
bonds: all the Brl atom hydrogen bonds are attached to cation A, in addition, two
Brl and four Br2 hydrogen bonds are attached to cation B, too. The Brl has a
bidentate (hydrogen) bonding mode with two ammonia ligands. The cations A
and B have 3 and 9 N-H---O (2.937(4)-3.273(4) A and 2.922(4)-3.243(4) A)
and 8 and 4 N-H---Br (3.402(3)-3.702(3) A and 3.417(3)-3.704(2) A) hydrogen
bonds, respectively. The summarized number of hydrogen bonds in the cations A
and B are equal, 12 in each. The summarized number of hydrogen bonds in the
cations A and B are equal, 12 in each. The permanganate oxygens have one
bidentate and three tridentate coordination modes. All ammonia ligands of cat-
ions A and B are involved in the permanganate hydrogen bonds. The cation A
forms altogether 6 hydrogen bonds and the cation B forms 18 hydrogen bonds
with the permanganate ions.

The Hirshfeld surface analysis of the two different complex cations supports
the structural features characterizing the crystal lattice. The Hirshfeld surface
partitions the space between regions where the electron density summed for the
atoms of a given molecule surpasses the summed electron density for the remain-
der of the crystal. 2D fingerprint plots demonstrate best the differences between
the two cations. Fingerprint plots were generated for the total interactions of a
complex cation and separately for the N-H---O and the N—H"--Br interactions. In
all cases, the differences are well-marked.

For the cation B, which is embedded in a permanganate anion layer, a spike
of N—H---O interactions, marked by the low d. and d; values, is visible on the
fingerprint plots (Fig. 3d and e) while the spike for the N-H:--O interactions for
the cation A is missing (Fig. 3b). This shows that while cation B has strong
interaction with the permanganate anions, cation A is placed further from the
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permanganates (the same can also be observed at the H-bond interaction lengths
in Table S-III). At the same time, the number of N-H---Br interactions of the
cation A is very high (red spike in Fig. 3¢). The interaction distances to the bro-
mides, however, are not really different for the two types of cations.
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Fig. 3. Fingerprint plots for the two hexaamminecobalt(IlI) cations: a) total interaction of
cation A, b) N-H---O hydrogen bond interactions of cation A, ¢) N-H:---Br hydrogen bonds of
cation A, d) intermolecular interactions of cation B, ¢) NH---O interactions of cation B,

f) N-H:--Br interactions of cation B; d;: distance from the Hirshfeld surface to the nearest
atom internal to the surface; d,: distance from the Hirshfeld surface to the nearest atom
external to the surface.

Spectroscopic properties of compound 1

The factor group analysis results (Figs. 4 and 5), IR and Raman spectra and
data (Fig. 6 and Tables II-1V) of compound 1 together with the available spec-
troscopic data of compound 2 and [Co(NH3)g]3thave been evaluated in detail 2933
The structure of compound 1 in the asymmetric cell was considered to be com-
posed of a central Colll (C;) cation, two bromides (Cj), six NH3 molecules (Cy),
and one permanganate (Cp). Six (2x3) crystallographically different NH3 mole-
cules are ligated to the cobalt(Ill) ion of the two crystallographically different
half-cations. Compound 1 is monoclinic (P21/c) with Z = 4, thus a total of 36
internal vibrational modes of the permanganate, 9 of each symmetry species is
expected (vy (vs) (4) mode, v, (ds) () mode, and v,q and J,5 modes (F?), respect-
ively, up to 18 bands (9 4, and 9 By) in the IR and the same number (9 4 and 9
Bg) in the Raman spectra (Fig. 4). The appearance of 12 hindered rotational, and
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further 12 hindered translational modes both in the IR (6 4, and 6 B,) and Raman
(6 Ag and 6 By) spectra (Fig. 4) can be expected in the low-frequency part of the
spectra.

Molecular group (Ty) Site group (Cy) Factor group (C,y)

@ Ay Ay (vy,2vy,3v3,3vy)
By(vy.2vy,3v3,3vy)
Vs E A
/ Ay (v, 2v3,3v3,3v)
V3, Vy Fsy

B (vi,2vy,3v3,3vy)

AT Ty TisRy R R)

(b)
ny; Fy
Au(Tys Ty Ty Ry, Ry R,)
A
] By(Ty, Ty Ty Ry Ry R))
T XYz F 2
By(Ty, Ty, Ty Ry Ry R,

Fig. 4. Internal (a) and external (b) vibrational modes of permanganate ion in compound 1.
vi—symmetric stretch.; v,—symmetric bend.; v;—antisymmetric stretch; v4—antisymmetric bend.

Molecular group (C,) Site group (C) Factor group (Cy,)

() Ag (v, v, 2y, 2vy)

Vi.Vz A
: By(vy, v2,2v3,2vy)
A
Ay (vys vy, 2vy, 2vy)
ViV, E
! By(vy, va,2v3,2vy)

A (T R 2R 2T

® 4, '
Ay(Tp Ry 2Ry, 2T,
R, A, 4 u ¥ ¥
> By(T, Ry, 2Ry, 2T,
Bap Ty E By (T, R,y 2Ry, 2T,)

Fig. 5. Internal (a) and external (b) ammonia vibrational modes in compound 1. v;—symmetric
stretch.; v,—symmetric bend.; v;—antisymmetric stretch; v4—antisymmetric bend.

Due to the presence of two crystallographically different kinds of Co atoms
in compound 1, the number of translational modes is doubled (2x3 in A, and 2x3
in By, Fig. S-2).

As the two crystallographically different types of Br ions are at positions of
trivial symmetry, the number of modes is also doubled (2x12), thus 6 hindered
translations are expected of each symmetry (12 bands in the IR and in the Raman
spectra each, Fig. S-3). The six crystallographically different NH3 molecules are
located at positions of trivial symmetry, Cj, thus 12 modes are expected in both
the IR (6 4y, and 6 By) and the Raman spectra (6 Ag and 6 Bg) (1 vy (vs), 1 v2 (d5)
and 2 v3 (vas) and 2 v4 (d,5) each) for each crystallographic type of ammonia. The
total number of internal vibrations is 6x24 = 144 (Fig. 5). Translations and rotat-
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ions along and around an axis, respectively, are given by the lower indices of the
axis/axes in question. Due to the six crystallographically different NH3 mole-
cules, the number of expected modes has to be multiplied by 6, i.e., 6x12 = 72
hindered rotations and 72 hindered translations are expected.

TABLE II. The IR and lig. N, temperature Raman spectral data of permanganates in com-
pounds 1 and 2

Compound 1 Compound 212
Band/assignation IR wave- Rama}n ghift (532 nm IR wave- Rama}n ghift (785 nm
.| excitation, 130 K) .| excitation, 123 K)
number, cm o number, cm 2
cm cm
vi(MnOy,), v4(A) 834 833 852 843
v2(MnOy), 84(E) 318 348 350 350
v3(MnOy), vy5(F7) 922, 896 921,903 924sh,910, 927,922,917,912sh,
894 896
v4(MnQy), 8,4(F,) 388 383 388 398sh,393

TABLE III. The IR and lig. N, Raman spectral data of the ammonia ligand in compounds 1
and 2

Band/Assignment Compound 1 Compound 212
IR wave- Raman shift (532 nm IR wave-  Raman shift (785 nm

number, cm™!  excitation, 130 K) number, cm!  excitation, 123 K)
cm’! cm’!

p(NH;) 834* 8332 813 800
3(NH3) 1345 325,1310 1340, 1327sh 1330, 1323, 1305
3,s(NH3) 1591 - 1608 -
v¢(NH3) 3156 Not measured 3174 Not measured
v,s(NH3) 3242 Not measured 3256 Not measured

*Mixed with v{(MnO,4)

TABLE IV. The IR and Raman spectral data of the CoNg¢ skeleton in compounds 1 and 2 at
298 K

Compound 1 Compound 212
Band/Assignment R wave- Raman shift (532nm IR wave-  Raman shift (785 nm
number, cm™!  excitation), cm!  number, cm!  excitation), cm™!
vi(CoNg) v, 569, 554,
5395h 494 547 (m) 507,499
Va(CONg) Vi, 473,459 ; - 460, 453, 446
v3(CoNg) v, 516, 507, i
297 4900k 494 485 (vw) 490
v4(CoNg) 8, 323sh 320
vs(CoNg) 5, 317 304 317 (vs) 311,306
ve(CoN) 8 254sh - 254sh -

There are 32 atoms in the formula unit, Z = 4, thus it must be multiplied by 4
and by 3 (3N, where N = 32xZ = 128), therefore the total number of rotational
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degrees of freedom is altogether 84 (hindered rotations). The total number of
internal vibrations and hindered translations in compound 1 is 180 and 120 (72
and 48 for the ammonia ligands and the other parts of the complex), respectively.
Three of them are acoustic modes, but the rest (117) are vibrations of trans-
lational origin. These give a total number of 384 degrees of freedom.

Vibrational modes of the permanganate in compound 1

The IR and Raman spectra of compound 1 are given in Fig. 6 and the band
assignments together with those of compound 2 can be seen in Tables II-1V. A
singlet symmetric stretching (v1), triplet antisymmetric stretching (v3) and bend-
ing (v4) and doublet symmetric deformation (v;) modes of permanganates are
expected to appear in the IR and Raman spectra. The IR forbidden v; and v,
modes are also expected to appear with weak intensities due to the distortion of
tetrahedral permanganate ion geometry (Fig. 6).
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Fig. 6. IR (A), far IR (B) and Raman spectra (C) of compound 1.

The stretching modes of the permanganate ion in compound 1 appear as a
weak singlet at 834 cm™! (vg) and as a doublet at 922 and 896 cm~! (), Fig.
6A. The intensity of the band at 834 cm~! shows that the band belongs to the
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v1(MnOy4) which is expected to be weak in the IR spectrum and is coinciding
with p(NHj3). The position of v; is confirmed by the very intense v;(MnQOy4) band
in the Raman spectrum of compound 1 at 833 cm™! (Fig. 6C) because the p(NH3)
is generally weak in the Raman spectra of ammine complexes.34

The antisymmetric stretching mode gives the strongest Mn—O band as a
doublet in the IR (922, 896 cm™1), and a weak doublet (921, 903 cm™!) in the
Raman spectrum of compound 1 (Fig. 6A and C). The two deformation modes of
the permanganate ion were found in the far-IR range, &(Mn—0) is a weak band
at 318 cm™!, whereas the 8,5 appeared as a wide band around 388 cm~! (Fig. 6B
and C). The IR and Raman bands of permanganate vibrational modes in the IR
and Raman spectra of compound 1 are very similar in their positions and inten-
sity to those of the IR and Raman spectra of compound 212 (Table II).

Vibrational modes of the hexaamminecobalt(IIl) cation in compound 1

The correlation analysis of the hexaamminecobalt(IIl) cation in compound 1
showed two sets of ligand vibrational modes (2x2x3 different ammonia mole-
cules in the two octahedral CoNg skeletons). The band assignations of the hexa-
amminecobalt(II) cation in compound 1 based on normal coordinate analysis,
quantum chemical considerations,29-33 and the recent results on compound 2 are
given in Tables III and V.

The 2x3 crystallographically different NH3 ligands in each cation type (A
and B) resulted in complex band systems for each N-H mode. The band belong-
ing to the symmetric deformation mode appears around 1345 cm™!, thus the rel-
ative Co—N bond strength parameter (¢) for the ammonia molecules defined by
Grinberg34 is the same as in compound 2. Among the vibrational modes belong-
ing to the ammonia ligand, only the rocking mode p(NH3) is sensitive enough to
characterise the strength of hydrogen bonds in ammonia complexes.3! This
shows that the average strength of the hydrogen bonds in compound 1 is closer in
its strength to [Co(NH3)g]Cl3 (p(NH3) = 830 cm™1)3! than that to [Co(NH3)g]Br3
(p(NH3) = 830 cm™1)31 or [Co(NH3)6](MnOy4)3 (p(NH3) = 803 cm1).35

The CoNg octahedron (Oy) has six normal modes, among them three
[Vi(V(CoN), 4g], va(Vas, Eg) and vs(3s, F2g) are only Raman and two (v3(vs, F1u)
and v4(8,, F1y)) are only IR active modes. The vg(8(NCoN), Fp,) mode is silent
in both IR and Raman spectra. The band positions were determined based on the
normal coordinate analysis29-30-33.36 and the spectroscopic results of compound
2.12 The v; mode is singlet, thus the two bands and a shoulder show the separ-
ation of v(CoNg) modes in the two different CoNg moieties. The well-separated
v3(CoNp) (vs) and a singlet of v4(CoNg) (8,) appear in the IR spectrum, whereas
only three bands, the v3—vs modes were found in the Raman spectra. The geo-
metry distortion results in the appearance of the forbidden vg (8(CoNg)) band as
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well as a shoulder in the IR spectrum around 254 cm~! observed in the IR
spectrum of compound 2 as well.!2

UV—=Vis Spectroscopy

The solid phase UV—Vis spectrum of compound 1 can be seen in Fig. S-4.
The strongly overlapping absorption bands of four possible d—d transitions of the
[Co(NH3)6]?* and the CT bands of the permanganate can be observed.17:37
Co(III) in compound 1 is a low spin cation, the ground state of [Co(NH3)g]3* is
trg® (1A1g). The excited electron (tpgeg) spans with 3T +!1T g+ Togt3Tog
terms. The triplet states have lower energies than the singlet ones. As usual, the
intensity of spin-allowed transitions (singlet terms) is expected to give weak
bands.3842 The presence of hydrogen bonds can result in trigonal distortion of
the octahedral structure and accordingly to the appearance of new bands.38 The
experimentally found UV—Vis bands’ data are given in Table V.

TABLE V. Electronic transitions (in nm) of the hexaamminecobalt(IIT) cation in compounds 1
and 2 and in octahedral and trigonally distorted (compressed) octahedral structures

3g Calculated DFT (LC-

Assignment in O Assignmentin  Com- Compound

symmetry D; symmetry pound1 212 [Co(NH;)sICl3 -BLYP/6-31G)38

TA,—°T, TA,—E 805 830 833 806
1A1—>3A2 775

1A, —5T, 1A, —E 676 727 730 740
1A1—>5A1 724

1A,—3T, 1A, —3E 600 - 617 613
IA,—3A, 567  575sh 581 585

1A, 51T, 1A, —E 485 490 486 465
1A, —1A, 419 450 444 459

1A,—IT, 1A, —E 391 375 367 367
A 1A, 352sh, 343, 324 327

337 330sh

The 1A1—IT; and 1A|—!T, transitions of the octahedral Co(NH3)e3" are
spin-allowed, and the hydrogen bonds can cause trigonal distortion (compres-
sion) as it was found experimentally in the aq. [Co(NH3)s]Cl3 solutions and
obtained by the DFT calculations in water—-[Co(NH3)¢]>* systems.3® The band
observed at 253 cm™! as in the case of compound 2 (250 cm~!) may be assigned
to the CT band of the cation or to the !A;~1T, (3tp—2e¢) transition of the perman-
ganate (259 nm for KMnQy). The band at 225 nm (220 nm in the spectrum of
compound 2) may be assigned to the 1A|—1T, (t;—4tp) transition of a perman-
ganate (227 nm for KMnQy).!7 The visible region of the spectrum of compound
1 contains the bands at 510 and 530 nm that might belong to the permanganate
1A |-1T, (t;—2e) transition. The bands at 490 and 551 nm may belong to the per-
manganate ion. Similar bands were found in the spectrum of KMnOy4 at 500 and
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562 nm.!7 The band found at 725 nm in the spectrum of compound 2 is shifted to
676 nm, and it probably consists of the !A;—!T;(t;—2e) transition of the perman-
ganate and a component of the 1A|—5T, transition of the hexaamminecobalt(III)
cation.!2:17 The 1A;—!T;(t;—2e) transition of the permanganate was found at 720
nm for KMnOy4 and 710 nm for [Agpy,>]MnOy4.2

In the visible region of spectra, the bands at 510 and 530 nm belong to the
permanganate 1A1—1T, (t;—2e) transition, whereas the bands at 490 and 551 nm
may belong to the permanganate and cation transitions (Table S-VII) as well. A
similar band system was found in the UV—Vis spectrum of KMnO4 between 500
and 562 nm.!7 The band at 725 nm is the strongest and probably consists of the
1A |-1T(t}—2e) transition of the permanganate ion and a weak component of the
1A|—5T; transition of the complex cation. The !A|-1T(t;—2e) transition of the
permanganate was found at 720 nm for KMnOy4 and 710 nm for [Agpy,]MnQO4.2

CONCLUSION

We synthesised hexaamminecobalt(II) dibromide permanganate,
[Co(NH3)4]Bra(MnOy4) (compound 1) in the reaction of [Co(NH3)¢]Cl3 and
[Co(NH3)6](MnQOy4)3. Compound 1 was characterised spectroscopically (FT-IR,
far-IR, Raman and UV). Its structure was determined by single-crystal X-ray
diffraction. The 3D hydrogen bond network (N-H---O—Mn and N-H---Br inter-
actions) are potential centres of a solid-phase redox reaction between the perman-
ganate and the ammonia ligand. [Co(NH3)g|Bra(MnQO4) decomposes at refluxing
under xylene (b.p. 140 °C), thus as a hydrogen bond-containing compound with a
low decomposition point is a potential candidate to perform further studies on the
existence and reaction products of solid phase heat-induced redox reactions
between the cationic and anionic components.
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U3BOJ
CIIEKTPOCKOIICKA U CTPYKTYPHA KAPAKTEPU3ALIUJA
[XEKCAAMMUWHKOBAJIT(III1)]-BPOMUI-TIEPMAHIT'AHATA

BERTA BARTA HOLLO,! NILOOFAR BAYAT,*? LAURA BERECZKI?** VLADIMIR M. PETRUSEVSKI®, KENDE
ATTILA BERES?, ATTILA FARKAS’, IMRE MIKLOS SZILAGYI? n LASZLO KOTAI*#

! ewapwman 3a xemujy, Guoxemujy u 3auiiiuiily susoiine cpegune, ITpupogHo-mameMamiuury Gaxynimei,
Ynueepsutem y Hosom Cagy, Tpt Jocuimeja Obpagosuha 3, 21000 Hosu Cag, Cpbuja, *Institute of Materials
and Environmental Chemistry, Research Centre for Natural Sciences, Magyar Tuddsok krt. 2., H-1117
Budapest, Hungary, *Department of Inorganic and Analytical Chemistry, Budapest University of Technology
and Economics, Miiegyetem rakpart 3, H-1111 Budapest, Hungary, * Centre for Structural Science, Research
Centre for Natural Sciences, Magyar Tuddsok krt. 2., H-1117 Budapest, Hungary, *Faculty of Natural
Sciences and Mathematics, Ss. Cyril and Methodius University, Skopje, MK-1000, North Macedonia, °Gyorgy
Hevesy PhD School of Chemistry, Institute of Chemistry, ELTE Eotvos Lordnd University, Pdzmdny Péter s.
1/A, H-1117 Budapest, Hungary, "Department of Organic Chemistry and Technology, Budapest University of
Technology and Economics, Miiegyetem rkp. 3., H-1111, Budapest, Hungary, 8Deuton-X Ltd., Selmeci u. 89,
H-2030, Erd, Hungary

Y oBOM papy je omucaHa CTPYKTypHa M CIIEKTPOCKOIICKa KapakTepusaudja (mudpakiuuja
X-3paka Ha MOHOKpHUCTaly, HHGpalupBeHa U PamMaH CIekTpocKkonyja Ha TeMIepaTypH TeYHOT
azoTa) xekcaaMMUHKODanT(I11)-pomun-nepmanradata [Co(NH3)s]Brz(MnOa) (jemumerme 1).
TponuMmeH3WOHaIHa Mpe)Xka BOJOHUYHUX Besa y jenuwewny 1 koja ykbydyje N-H.-O—Mn u
N—-H---Br uHTepakuuje npencraB/ba NOTEHLHWjalTHU LIEHTap YBpCcTOda3He PeNoKC peakuuje
KOODAWHOBAHOT aMOHMjaka WM OPOMHUIOHMX jOHA Kao peayKyjyhux W mepMaHraHaTa Kao
okcupyjyher arerca. Edexar npupone XaaoreHWIHOT joHA Ha CTPYKTYPHA M CIEKTPOCKOICKA
CBOjCTBA jenumerma 1, Kao U aHAJIOTHU XJIOPUIOHU KOMIUIEKC (jenumerme 2) je neTabHO OUC-
KyTOBaH Yy pafy.

(TTpumibeHo 2. jyna, pesuaupano 11. jyna, npuxsaheno 8. centembpa 2023)
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Table S-I. Crystal data and structure refinement

[Co(NH3)6]Br2(MnO4) [Co(NH3)s]Cl2(MnO4)'?
Empirical formula Br2Hi1sCoMnNeO4 C2H1sCoMnNeO4
Formula weight 439.89 350.97
Temperature 103(2) 163(2)
Radiation and wavelength Mo-Ka, A=0.71073A Mo-Ka, A=0.71075A
Crystal system monoclinic Monoclinic
Space group P2i/c P2i/c
Unit cell dimensions a=13.9533(6)A a=13.6133(1H)A
b =7.4499(4)A b=7.3658(5)A
¢ =12.3766(7)A c=12.3682(6)A
a=90° o=90°
£ =108.453(8)° £ =108.547(8)°
y=90° y=90°
Volume 1220.41(12)A3 1175.78(13)A3
VA 4 4
Density (calculated) 2.394 Mg/m’? 1.983 Mg/m’

* Corresponding author. E-mail: kotai.laszlo@ttk.hu
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Absorption coefficient, pu
F(000)

Crystal color
Crystal description
Crystal size
Absorption correction
Max. and min. transmission
0 - range for data collection
Index ranges
Reflections collected
Completeness to 20
Independent reflections
Reflections I>2c6([)
Refinement method
Data/restraints/parameters
Goodness-of-fit on F2
Final R indices [/>2c(])]
R indices (all data)

8.944 mm!
856
red
prism
0.45x0.43x0.11 mm
numerical
0.4820.889
3.078 <6 <30.504°
-19<h<19;-10<k<10;-17<1<17
39290
1.000
3727 [R(int) =0.1132]
3309
full-matrix least-squares on F>
3727/0 /136
1.188
R1=0.0438, wR2 =0.0759
R1=0.0531, wR> =0.0783

2.941 mm!
712
Red
Platelet
0.56x0.41x0.11 mm
Numerical
0.8680.987
3.157<60<27.473°
17<h<17;-9<k<9;-16<I<15
18320
1.000
2684 [R(int) =0.0588]
2351
full-matrix least-squares on F2
2684 /0 /136
1.152
R1=0.0422, wR> =0.0854
R1=0.0528, wR> =0.0892

Table S-IL Bond lengths [A] of compound 1.

Mn1-O1 1.608(3) Mn1-O4 1.614(3)

Mn1-03 1.620(3) Mn1-02 1.627(3)
Col-N1#1 1.958(3) Col-N1 1.958(3)
Col-N2#1 1.960(3) Col-N2 1.960(3)
Col-N3#1 1.965(3) Col-N3 1.965(3)
Co2-N4#2 1.957(3) Co2-N4 1.9573)
Co2-N5#2 1.962(3) Co02-N5 1.962(3)

Co2-N6 1.982(3) Co2-N6#2 1.982(3)
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Table S-111. Bond angles [°] of compound 1.

O1-Mn1-04 109.3(1) 01-Mnl-03 110.3(1)
04-Mn1-03 109.9(1) 01-Mnl-02 110.1(1)
04-Mn1-02 108.5(1) 03-Mnl1-02 108.8(2)

N1#1-Col-N1 180.0 N1#1-Col-N2#1 89.6(1)
N1-Col-N2#1 90.4(1) N1#1-Col-N2 90.4(1)
N1-Col-N2 89.6(1) N2#1-Col-N2 180.0
N1#1-Col-N3#1 90.3(1) N1-Col-N3#1 89.7(1)
N2#1-Col-N3#1 89.0(1) N2-Col-N3#1 91.0(1)
N1#1-Col-N3 89.7(1) N1-Col-N3 90.3(1)
N2#1-Col-N3 91.0(1) N2-Col-N3 89.0(1)
N3#1-Col-N3 180.0(2) N4#2-Co2-N4 180.02)
N4#2-Co2-N5#2 89.9(1) N4-Co2-N5#2 90.1(1)
N4#2-Co2-N5 90.1(1) N4-C02-N5 89.9(1)
N5#2-Co2-N5 180.0(2) N4#2-Co2-N6 89.2(1)

N4-Co2-N6 90.8(1) N5#2-Co2-N6 88.9(1)

N5-Co2-N6 91.1(1) N4#2-Co2-N6#2 90.8(1)
N4-Co2-N6#2 89.2(1) N5#2-Co2-N6#2 91.1(1)
N5-Co2-N6#2 88.9(1) N6-Co2-N6#2 180.00(9)

Symmetry codes to generate equivalent atoms:
1. -x+1,-y+1,-z+1
2. X,-y+l,-z

Table S-IV. Analysis of Potential Hydrogen Bonds and Schemes with d(D..A) <
R(D)+R(A)+0.50, d(H...A) < R(H)+R(A)-0.12 Ang., D-H...A > 100.0 Deg in compound 1.

Nr  Donor --- H....Acceptor Symm. op. D-H H..A D..A D-H..A
1 Nl --HIA .Br2 X,Y,Z 0.91 2.87 3.402(3) 119
2 N1 --HIA .01 x,1+y,z 0.91 2.45 2.937(4) 113
3 N1 --HIB ..Brl 1-x,1/2+y,1/2-z 0.91 2.57 3.460(3) 165
4 N1 --HIC .Brl x,3/2-y,1/2+z 0.91 2.70 3.518(3) 149
5 N2 --H2A .Brl X,y,Z 0.91 2.66 3.539(3) 164
6 N2 --H2B ..03 X,¥,Z 0.91 2.59 3.273(4) 132
7 N2 --H2C ..Brl 1-x,-1/2+y,1/2-z 091 2.70 3.513(3) 149
8 N3 --H3A .Br2 X,y,Z 0.91 2.86 3.555(3) 134
9 N3 --H3A .0l x,1/2-y,1/2+z 0.91 2.49 2.930(4) 110
10 N3 --H3B ..Brl 1-x,1-y,1-z 0.91 2.62 3.484(3) 159
11 N3 --H3C ..Brl x,1/2-y,1/2+z 0.91 2.88 3.703(3) 152
12 N4 --H4A .02 -X,1-y,-z 0.91 2.37 3.179(4) 149
13 N4 --H4A .04 -x,1-y,-z 0.91 2.30 3.070(4) 142
14 N4 --H4B .02 x,1+y,z 0.91 2.03 2.922(4) 166
15 N4 --H4C .03 -x,1/2+y,1/2-z 0.91 2.14 3.028(4) 165
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16 N5 --H5A .02 X,y,Z 0.91 2.34 3.181(4) 154
17 N5 --H5A .Br2 -X,-112+y,1/2-z 0.91 2.89 3.417(3) 118
18 N5 --H5B .02 -X,1/2+y,1/2-z 0.91 2.45 3.120(4) 131
19 N5 --H5B .03 -x,1/2+y,1/2-z 0.91 2.38 3.243(4) 159
20 N5 --H5C .Br2 X,y,Z 0.91 2.53 3.423(3) 167
21 N6 --H6A .Br2 x,3/2-y,-1/2+z 0.91 2.72 3.619(3) 169
22 N6 --H6B .04 X,Y,Z 0.91 2.47 3.163(4) 133
23 N6 --H6C ..Br2 X,y,Z 0.91 2.86 3.704(2) 155
24 N6 --H6C .0l x,1+y,z 0.91 2.58 3.063(4) 114
12
13 H
S 14-
E
2
L 154
L
©
(O]
L 464
17 S
Endo down
18 T ? T 2 [ 3 I ¥ I Y I ’ I 8 T Y
-140 -120 -100 -80 -60 -40 -20 0 20

Temperature (°C)
Fig. S-1. The low temperature (between -140 — 25 °C) DSC curve of compound 1.
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Fig. S-2. The correlation analysis for Co' ions in compound 1.
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Fig. S-3. The correlation analysis for Br ions in compound 1.
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Abstract: Here we report a new Schiff base of aminoguanidine and 2,3-dihyd-
roxybenzaldehyde (H,L) and its physicochemical characterization, along with
an investigation into its coordination affinities towards zinc. By reacting zinc
acetate with the chloride salt of the ligand in the MeCN-H,O solution, yellow
single-crystals of tetranuclear, centrosymmetric complex, with the formula
[Zny(u-L)(u-OAc),],-2MeCN, were obtained. The complex was characterized
by IR spectroscopy, conductometry, elemental analysis, and single-crystal
X-ray diffraction analysis. Notably, both nitrogen atoms of the aminoguanidine
residue coordinate to the same zinc atom, while both deprotonated phenyl oxy-
gen atoms achieve bridging coordination. Furthermore, two acetate anions
bridge adjacent zinc atoms in addition to the Schiff base anion. Meaningful
insights into the hierarchy and significance of intermolecular interactions
within the crystal structure were gained by estimating the energies using the
CrystalExplorer model. The calculations revealed that the crystal structure can
be classified as a layer type, with notably stronger interactions occurring along
the [001] and [011] directions.

Keywords: Schiff base; guanylhydrazones; acetate coordination; crystal structure.

INTRODUCTION

Schiff bases and their metal complexes represent a large class of compounds
interesting from both fundamental and practical points of view,! due to their easy
synthesis, versatile structural features, and coordination modes, but also the enor-
mous application potential in many different fields. Some of these compounds
are good analytical and electroanalytical reagents, precursors in organic syn-
thesis, catalysts, polymer stabilators, etc.2 On the other hand, the others show
promising anti-tuberculosis, antimicrobial, anti-inflammatory, and antitumor act-
ivities.3 Additionally, an interest in Schiff bases and their metal complexes and

* Corresponding author. E-mail: marko.rodic@dh.uns.ac.rs
https://doi.org/10.2298/ISC230808067K
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their use as organic layers in OLED materials and other emissive organic dev-
ices,* as well as photosensitizers in dye-sensitized solar cells, has arisen. The
steric, electronic and biological potential of the mentioned compounds is tunable
by choosing the appropriate amine and carbonyl precursors. One of the always
interesting areas of coordination chemistry is the design of novel Schiff bases,
especially those with multiple donor sites.® Having that in mind, the Schiff bases
of 2,3-dihydroxybenzaldehyde seem to be a worthwhile candidate for further
research.”-8

Zinc is well known for its biocompatibility and versatile importance for the
organism.® However, the interest in phenoxido-bridged complexes of metals of
group 12 was not great, mainly due to the absence of magnetic interactions.’
Nevertheless, the fact that group 12 metal complexes usually show high photo-
luminescence, made them interesting for research in the field of optoelectronic
devices.10:11

Based on the aforementioned, the presented research was designed to gain
better insight into the coordination properties of the Schiff bases of aminoguan-
idine, obtain a phenoxido-bridged complex and characterize it. The Schiff base of
aminoguanidine and 2,3-dihydroxybenzaldehyde and its first complex, viz.
[Zny(u-L)(u-OAc)>]>-2MeCN are synthesized and physicochemically character-
ized. The structure of this tetranuclear centrosymmetric complex was determined
by SC-XRD, and thoroughly discussed.

EXPERIMENTAL
Reagents

All chemicals used for syntheses and characterization were reagent-grade and used as
received from commercial sources, without further purification.
Preparation of the ligand L-HCI — 2,3-dihydroxybenzaldehyde-aminoguanidine
hydrogenchloride

2,3-Dihydroxybenzaldehide (25 mmol, 3.45 g) was dissolved in 75 mL H,O, and 25
mmol (2.75 g) of aminoguanidine hydrogenchloride was added. The resulting mixture was
refluxed for 1.5 h during which it completely dissolves. The resulting yellow solution was left
at room temperature. After seven days, the yellow product was filtered and washed with H,O.
Yield: 3.50 g (67 %).
Preparation of [Zny(u-L)(u-OAc) ] - 2MeCN

A mixture of 0.5 mmol (0.128 g) of the obtained ligand and 0.5 mmol (0.092 g)
Zn(OAc),2H,0 was poured over with 6 mL of CH;CN-H,O mixture (1:1), heated slightly
until dissolved, and the resulting yellow solution was left at room temperature. After two
days, yellow prismatic single crystals were filtered and washed with CH;CN. Yield: 0.088 g
(30 %).
Analytical methods

The air-dried compounds were subjected to elemental analyses (C, H, N) using standard
micro-methods. Molar conductivity measurements of freshly prepared solutions (¢ = 1 mmol
L") were performed on a Jenway 4010 conductivity meter. The IR spectra were recorded on a
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Nicolet Nexus 670 FTIR (Thermo Scientific) spectrophotometer in the 400-4000 cm™! range
by the KBr pellet technique. Melting points were determined using a Nagema melting point
microscope Rapido.

Analytical and spectral data of the synthesized compounds are given in Supplementary
material to this paper.

Crystal structure determination

X-ray diffraction data were obtained from a suitable single crystal using an Oxford Dif-
fraction Gemini S diffractometer. The probe used was a graphite-monochromated MoKa
X-radiation from a sealed tube. Reflections were recorded on a Sapphire CCD area detector at
room temperature. CrysAlisPro was employed for instrument control and raw frames process-
ing.'2 The crystal structure was solved using SHELXT!'? and refined with SHELXL.!* For
graphical user interface, ShelXle was utilized.!’

During refinement, all non-hydrogen atoms were assigned anisotropic displacement
parameters. Carbon-bonded hydrogen atoms were positioned ideally according to parent atom
stereochemistry and refined using a riding model with their displacement parameters assumed
to be a suitable multiple of the carrier atom’s Ugq. Nitrogen-bonded hydrogen atoms were
identified through residual density maps in the final iterations of the refinement. Their posit-
ions were refined with distance restraints, and their displacement parameters were treated sim-
ilarly to those of hydrogen atoms bonded to carbons. Details are listed in Table S-I of the Sup-
plementary material.

The crystal structure was internally validated using Platon'® and externally validated
against structures with similar fragments in the Cambridge Structural Database (CSD)!7
through the Mogul algorithm!® implemented in the Mercury CSD.!?

Interaction energies calculations

Intermolecular energy calculations were employed to examine the crystal packing using
CrystalExplorer.? Quantum chemistry calculations were performed using TONTO?! as the
backend. A Hirshfeld surface was computed for the complex molecule, and all nearby mole-
cules were taken into account for the pairwise energy calculations. CE-HF model energies
were employed.??

RESULTS AND DISCUSSION
Syntheses and characterization

Yellow microcrystals of the ligand were obtained in the reaction of an aque-
ous solution 2,3-dihydroxybenzaldehyde and aminoguanidine hydrogenchloride
in a mole ratio of 1:1 under reflux conditions. Subsequently, the obtained ligand
was reacted with zinc(I) acetate, in a 1:1 mole ratio in a MeCN-H;O solution,
resulting in the formation of prismatic yellow single crystals of neutral Zn(II)
complex of the formula [Zny(u-L)(u-OAc),]o-2MeCN.

Obtained ligand is well soluble in water, methanol, ethanol, acetonitrile, and
dimethylformamide. The complex is well soluble in dimethylformamide, moder-
ately soluble in acetone and methanol, and only sparingly soluble in water,
ethanol and acetonitrile. The molar conductivity value of the complex dissolved
in DMF (8 S cm?2 mol™1) confirms its non-electrolyte nature.
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The ligand is coordinated in its dianionic form as N,O; tetradentate, invol-
ving coordination through azomethine and imino nitrogen atoms, and phenolic
oxygen atoms. This is primarily assumed by the comparison of the IR spectrum
of the complexes with that of the ligand. In the spectrum of the complex, the
bands related to the v(C—N) vibrations in the guanido fragment, as well as the
band originating from the azomethine function, display a negative shift of
approximately 50 cm™!. Furthermore, the v(Ar-O) band, present at 1264 cm™! in
the ligand’s spectrum, experiences a shift to 1250 cm™! in the spectrum of the
complex, suggesting coordination of the phenolic oxygen atom.23 Bands in the
region 3600-3000 cm™!, originating from O—H vibrations in the spectrum of the
ligand, are absent in the complex’ spectrum, indicative of ligand deprotonation.
Additionally, bands in the 1460-1400 cm~! region are potentially attributed to
v(O—Ac) vibrations of coordinated acetate ions,24 although this assignment is
challenging due to the presence of numerous other bands in this spectral region in
the IR spectrum of the uncomplexed ligand.

Crystal structure description

The molecular structure of the obtained tetranuclear Zn(II) complex is pre-
sented in Fig. 1 and key structural data are presented in Table I. The asymmetric
unit contains the dianion of the chelate ligand, which is coordinated as ONN tri-
dentate to one zinc atom (Znl) and monodentate via the oxygen atom of the
deprotonated hydroxyl group from position 3 to the second zinc atom (Zn2).
Additionally, two acetate ions bridge two adjacent units, and a solvent molecule
is also present.

Fig. 1. Molecular structure of the complex formula [Zn,(u-L)(¢#-OAc),],"2MeCN.
Symmetry operation: (i) —x+1, —p+1, —.

The coordination mode of the chelating ligand in this centrosymmetric com-
plex is intriguing and multifaceted. The chelating ligand employs four donor
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atoms for coordination (N»O;), namely, azomethine and imino nitrogen atoms,
and two phenolic oxygen atoms as donors. Both oxygen atoms have a bridging
role connecting two zinc atoms. The tridentate ONN coordination of the chelat-
ing ligand was achieved through the oxygen atom of the deprotonated hydroxyl
group from position 2, and nitrogen atoms from azomethine and imino group
from aminoguanidine residue. Except through acetate bridges, neighboring units
are connected by bridging coordination of oxygen atoms O1 and O2. The res-
ulting intermetallic distances are 3.3008(4) and 3.1926(4) A for Zn1--Zn2 and
Zn2--Zn2i, respectively (symmetry operation: (i) —x+1, —+1, —z).

TABLE I. Selected bond lengths and valence angles; symmetry operation: (i) —x+1, —y+1, —z

Bond Bond length, A Bonds Bond angle, °
Znl1-N1 2.024(2) N1-Znl1-N3 76.12(7)
Znl1-N3 2.183(2) N1-Zn1-0O1 157.36(7)
Zn1-01 1.993(2) N3-Zn1-0O1 81.36(7)
Znl1-04 2.013(2) N3-Zn1-04 130.30(7)
Zn1-06 2.033(2) N3-Zn1-06 124.41(7)
Zn2-01 2.053(2) 01-Zn2-02 153.86(6)
Zn2-02 2.007(2) 01-Zn2-03 96.99(7)
7n2-02! 2.007(2) 01-Zn2-05 94.82(7)
Zn2-03 1.983(2) 02-Zn2-02! 75.72(6)
Zn2-05 2.001(1) 02-Zn2-03 100.24(7)
Znl---Zn2 3.3008(4) 02-7Zn2-03 123.28(7)
7n2---Zn2! 3.1926(4) 02-Zn2-05 98.48(7)
NI1-C1 1.293(3) 02i-Zn2-05 129.04(7)
N2-Cl1 1.357(3) 03-Zn2-05 107.64(7)
N3-C2 1.281(3) N1-C1-N2 118.4(2)
N4-Cl1 1.350(3) N1-C1-N4 126.9(2)
C2-C3 1.440(3) 03-C10-04 126.6(2)
01-C4 1.329(2) 05-C11-06 126.1Q2)
02-C5 1.333(3) Bonds Torsion angle, °©
03-C10 1.248(3) N1-C1-N2-N3 0.33)
04-C10 1.244(3) N4-C1-N2-N3 -178.5(2)
05-Cl11 1.245(3) C1-N2-N3-C2 176.4(2)
06-Cl11 1.257(3) N2-N3-C2-C3 —179.4(4)

This coordination of the chelate ligand and acetate ions as coligands to four
zinc atoms resulted in the formation of a diverse array of versatile metallocycles.
These include four five-membered and two six-membered chelate rings with one
metal atom, along with one four-membered, four six-membered, and two eight-
-membered metallocycles with two metal atoms. All rings containing one metal
atom are essentially flat. Of those with two metal atoms, the four-membered ring
is planar due to symmetry restriction, while others are significantly puckered.
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In this complex, Zn(II) ions, denoted as Zn1 and Zn2, adopt highly deformed
N»Oj3 and Os environments, respectively. The results obtained from Addison’s
method?> and Holmes’® method26-28 show differences in assessing whether the
polyhedra centered at Znl and Zn2 are closer to the ideal square pyramid with a
trans basal angle of 150° (SPY-5) or the ideal trigonal bipyramid (TBPY-5).

In particular, based on the 75 values (r5s = 0.45 for Znl and 75 = 0.41 for
Zn2), both polyhedra are determined to be closer to SPY-5 than TBPY-5. How-
ever, Holmes’ method places both polyhedra at 36 % along the Berry pseudo-
rotation coordinate D3p—>Cyy—>Cyy. This suggests a closer proximity to TBPY-5,
but it also indicates significant deviations from the ideal Berry pseudorotation in
both cases.

This later outcome is consistent with the calculations of continuous shape
measures,?? which assign both polyhedrons a closer alignment to TBPY-5
(S(TBPY-5) = 2.147 for Znl; S(TBPY-5) = 2.301 for Zn2) than to SPY-5
(S(SPY-5) = 3.444 for Znl; S(SPY-5) = 3.255 for Zn2). However, both deform-
ation paths diverge by 42 % from the ideal Berry pseudorotation coordinate
which represents minimal distortion pathway in this polyhedral rearrangement.30

The coordination environment of Znl formally adopts a trigonal-bipyramidal
configuration, with the axial positions being occupied by the N1 and O1 atoms of
the Schiff base ligand. This arrangement is supplemented by the presence of N3
from the Schiff base ligand, in addition to two oxygen atoms (O4 and O6) der-
ived from bridging acetate ions, collectively constituting the equatorial plane. On
the other hand, Zn2 also adopts a trigonal-bipyramidal coordination. In this con-
text, the equatorial plane is formed by the participation of two oxygen atoms (O3
and O5) originating from acetate bridges, along with an O2 moiety sourced from
a 2,3-dihydroxybenzaldehyde fragment located in an adjacent subunit. Mean-
while, the axial positions are occupied by the hydroxyl groups of 2,3-dihydroxy-
benzaldehyde, namely O2 and Ol1, the latter stemming from the neighboring sub-
unit.

Atom Zn1 forms the longest bond with the N3 donor atom of the azomethine
group, and the shortest one with the O1 ligator from the hydroxyl group of 2,3-
-dihydroxybenzaldehyde. On the other hand, Zn2 forms the longest Zn2-ligand
bond with the bridging O1 atom, while the shortest bond is between Zn2 and O3
from the carboxyl group of the acetato ligand. The second oxygen atom from this
carboxyl group (0O4) forms a slightly longer bond with the first zinc atom, Znl.

In the aminoguanidine fragment of the ligand, the C2-N3 and C1-N1 bond
lengths indicate the presence of localized double bonds, whereas the other bonds
in this fragment exhibit intermediate lengths, which can be attributed to electron
delocalization, a common feature for this class of compounds.3! In the 2,3-dihyd-
roxybenzaldehyde part of the chelating ligand, the longest bond observed is C2—-C3,
which is the bond between the carbon atom of the benzene ring and the carbon
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atom of the azomethine group. Remarkably, this C2—C3 bond stands as the long-
est bond within the entire ligand structure.

Another intriguing feature of this structure is the exo-bidentate coordination
of two acetate ligands. The survey of CSD!7 was made to gain further insight
into the prevalence of this coordination mode and similar ones involving acetate
ligands. The survey revealed that the bridging mode of coordination of two
acetate ions in zinc(Il) complexes was found in 240 structures. In most instances,
these complexes are binuclear, featuring (bis)condensed carbonyl compounds or
monodentate ligands. The occurrence of polynuclear complexes with this specific
coordination mode of acetate ions is relatively less frequent.

Although the coordination mode presented here is complex, it is not unexp-
ected. It showcases an interesting attribute of the 2,3-dihydroxybenzaldehyde
fragment when acetate serves as a bridging coligand, as exemplified in the struc-
ture of the tetranuclear complex described in the work.32

Upon inspection of the Hirshfeld surface of the complex molecule, 22 near-
est neighbors (11 independent pairs) can be identified within the crystal structure.
The results of pairwise intermolecular interaction energies calculation are given
in Table II. Among these neighbors, 16 are complex molecules, forming 8 inde-
pendent pairs. Notably, the crystal packing energy landscape is dominated by two
pairs, with interaction energies exceeding 100 kJ mol~1. Furthermore, only two
more pairs were found to have energy contributions surpassing 15 kJ mol~!.

TABLE II. Summary of important intermolecular interaction energies in the crystal structure
of [Zn,y(u-L)(u-OAc),],2MeCN; R is the distance between molecular centroids. E\y = kgjeFele
+ kpotEpol T kdisEdis t krepErep, Where scale factors for benchmarked CE-HF energy model are
kete = 1.019, kg = 0.651, kgis = 0.901, and ke, = 0.811, as taken from the paper of Thomas et
al 33 Symmetry operation correspond to the second molecule in the pair

E/kJ mol’!
Eclc Epol Edis Ercp Etot

Complex--- Complex

Label N Symmetry operation R/A

I 2 Translation 15.50 -115.8 -36.9 —41.0 0.0 —178.9
II 2 Translation 11.44 -80.5 322 823 28,6 —153.9
11 2 Translation 9.99 1.6 -14.0 -56.2 27.0 -36.2
v 2 Translation 8.82 7.4 -104 457 18.9 -252
A\ 2 Translation 16.62 -12.4 -2.8 -5.0 0.0 -18.9
VI 2 Translation 14.65 -3.2 -0.8 =5.1 0.0 -8.4
VII 2 Translation 14.61 3.8 -0.6 -5.6 0.0 -1.6
VIII 2 Translation 11.91 10.1 -1.3 -10.5 2.3 1.8
Complex---MeCN

IX 2 Translation 10.68 -595 -16.8 -8.6 44.7 -43.1
X 2 Inversion 6.53 —244 4.8 -25.6 10.6 —42.5

X1 2 Inversion 3.60 -122 -10.5 352 17.2 -37.0
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The strongest intermolecular interaction observed in the crystal structure
(=179 kJ mol~!) occurs between complex molecules related by translation (for
symmetry codes see Table II). This interaction is predominantly driven by elec-
trostatic forces, which can be attributed to the excellent complementarity in
molecular electrostatic potential on the patches of the Hirshfeld surfaces of
neighboring molecules (Fig. 2a). The interaction is mediated through
N4-H4B---06(i) hydrogen bond (d(N4-H4B) = 0.853(16) A, d(H4B---06(i)) =
=2.154(17) A, d(N4--- 06(i)) = 2.981(2) A and a(N4-H4B---06(i)) = 163(2)°;
symmetry operation: (i) x, y+1, z+1). Due to centrosymmetric nature of the com-
plex molecule, these interactions occur in pairs, combining to create a 24-mem-
bered ring with graph set descriptor R,%(24).34 These interactions then form a
chain, that propagates in the [011] direction.

Fig. 2. a) Hirshfeld surfaces of the molecular pair of [Zn,(u-L)(1#-OAc),], with strongest
interaction, decorated with molecular electrostatic potential in the range from —0.05 a.u. (red)
to +0.05 a.u. (blue); b)—d) selected molecules surrounding a central one of
[Zn,(u-L)(u-OAc),], with its Hirshfeld surface decorated with dporm. Molecules
are labeled as in Table II.

The second strongest interaction (=153 kJ mol~1) has equal contribution of
dispersion and electrostatic components, as well as a non-negligible contribution
from polarization effects. Notably, no significant atom—atom short contacts can
be identified (Fig. 2b), and the detection of this interaction is a direct conse-
quence of the whole-molecule approach to the crystal packing analysis, rather
than focusing solely on atom—atom features. These interactions form a chain that
propagates along the crystallographic axis c.
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Only three more interactions are noteworthy (Fig. 2c), as the weakest two
make minor contributions to the lattice energy. Specifically, two independent
pairs exhibit interaction energies of —36 and —25 kJ mol~!, dominated solely by
dispersion forces, with a minor contribution from polarization terms. Interest-
ingly, electrostatic contribution is slightly destabilizing for these interactions.
The third pair represents the final one with a notable interaction energy (=19 kJ
mol~!), which is predominantly governed by electrostatics. However, due to the
considerable separation between the molecules (Cg--Cg distance of 16.6 A), the
interaction is relatively weak. Notably, all three mentioned cases exhibit no
significant atom—atom short contacts between the molecules involved.

Surrounding each complex molecule are six MeCN molecules, forming three
independent pairs. Only one pair is involved in a hydrogen bond N2—-H2---N5
(d(N2-H2) = 0.84(2)A, d(H2---N5) = 2.04(2)A, d(N2---N5) = 2.872(5) A,
a(N2-H2---N5) = 169(2)°) with an interaction energy of —43 kJ mol~!, predom-
inantly governed by electrostatic forces. The other two independent pairs have
comparable interaction energies (—43 and —37 kJ mol~1), with a significant contri-
bution from dispersion forces and no notable atom—atom short contacts (Fig. 2d).

Overall, from the perspective of energy of the intermolecular interactions,
crystal structure can be classified as a layer type, as depicted by an energy frame-
work shown in Fig. 3. Notably, significantly stronger interactions occur along the
[001] and [011] directions, with a higher proportion of electrostatic contributions,
leading to the observed anisotropy in their distribution.

Fig. 3. Energy framework for the crystal structure of [Zn,(u-L)(1#-OAc),]2:2MeCN,
represented in a 3x3x3 cells cluster. Total interaction energy is proportional to
blue tubes diameter. Only interactions with —E < 15 kJ mol~! are displayed.
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CONCLUSION

The yellow microcrystals of the ligand were obtained in the reaction of an
aqueous solution 2,3-dihydroxybenzaldehyde and aminoguanidine hydrogen-
chloride in a mole ratio of 1:1 under reflux conditions, and characterized by IR
spectroscopy and elemental analysis. The reaction of the obtained ligand and zinc
acetate yielded the formation of yellow single crystals of the tetranuclear com-
plex [Znp(u-L)(u-OAc)s]o-2MeCN. This is the first complex with the obtained
Schiff base, as well as the first tetranuclear complex with aminoguanidine der-
ivatives. The SC-XRD revealed an interesting coordination mode with two nitro-
gen and two oxygen atoms of the chelating ligand involved in coordination, with
the latter being the bridging ligators, as well. Besides, bidentate bridging coordin-
ation of four acetate ions was found. The hierarchy and significance of intermole-
cular interactions within the crystal structure were calculated and those results
showed the crystal structure could be classified as a layer type, with notably
stronger interactions occurring along the [001] and [011] directions. The detailed
knowledge of the crystal structure and intermolecular interactions present is vital
for the design of further research, which is currently being done concerning the
optical characteristics, as well as the antioxidant activity of these compounds.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12533, or from the corres-
ponding author on request. CCDC 2285370 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre (https://www.ccdc.cam.ac.uk/structures).
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H3BOI
CHHTE3A U CTPYKTYPHA AHAJIM3A TETPAHYKJIEAPHOT' KOMILUJIEKCA Zn(I1) CA
2,3-ITNXUPOKCHUBEH3AIIEXUI-AMUHOTBAHUJIUHOM

MAPUJAHA C. KOCTHR, MAPKO B. POJOWR, JbUJbAHA C. BOJMHOBHWR JEIIWR u MUPJAHA M. PATIAHOBWR

Yuusepsutiewi y Hosom Cagy, IIpupogno-matiemamivuxy paxynimedd, Tpi Jocuiiieja Obpagosuha 3,
21000 Hosu Cag

Y oBoM pajy mpHKkasaHa je CHHTe3a M (DU3MYKOXEMHjCKa KapaKTepusaluja HOBE
Iudose dase aMUHOrBaHUIUHA U 2,3-IUXUAPOKCUOEH3aIAeXU]IA, KA0 U UCIIUTUBAE KOOPIU-
HallUOHUX CBOjCTaBa MOOUjEHOr jeoumema. Y peaKkUUju LHMHK-alleTaTa ¥ XJIOPUOHE CONHU
JIMTaHfa y CMEIIM pacTBapaya aleTOHUTPH/I-BOJA JOOMjeHH Cy YTH MOHOKDHCTaId TeTpa-
HyKJIeapHOT, LEHTPOCUMETPUYHOr KomIuiekca opmyne [Zna(u-L)(u-OAc)z]2:2MeCN. Kom-
I1eKc je okapakrepucaH IC criekTpockonujoM, KOHIYKTOMETPHjOM, eIeMEHTAIHOM aHaIHu30M
Y PEHATEHCKOM CTPYKTYPHOM aHa/IU30M. Y NodHjeHOM KOMIUIEKCY, 0da JOHOpHA aToma a3oTa
aMHHOTBAHUIMHCKOr ()parMeHTa KOODAMHOBAHM Cy 3a MCTH aTOM LHMHKa, JOK 0Da aroma
KHCEOHHKa JJeMPOTOHOBAaHUX (DEHOJIHUX Irpyna umMajy yiory mocra. Ocum Tora, alleTaTHU jOHU
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Takohe OCTBapyjy MOCTOBHYy KOOpIWHalLHWjy. HcnuTrhBame 3HauajHUX MehyMONeKyIcKux
HHTEpaKlyja U3BPILIEHO je MPOLEeHOM eHepruja y3 kopuutheme CrystalExplorer mopena. Ha
OCHOBY OBHX IIpOpayyHa MOXKE C€ 3aKk/byYHMTH Jla Ce KpUCTaJlHa CTPYKTypa MO)XKe CMaTpaTH
CJIOjeBUTOM, Ca 3HAuajHO jauuM HHTepakurjama gyx [001] u [011] mpaBaua.

(ITpumibeHo 8. aBrycta, peBugMpaHo 22. aBrycra, npuxsaheno 18. centemdpa 2023)
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ANALYTICAL AND SPECTRAL DATA
L-HCI - 2,3-dihydroxybenzaldehyde-aminoguanidine hydrogenchloride

Anal. Calcd. for CgH11N407Cl: C, 41.67; H, 4.81; N, 24.29 %. Found: C, 41.90; H,
4.81; N, 24.29 %. Mp = 228 °C Selected IR bands [wavenumber, cm™]: 3308 (s), 3185 (s),
2884 (s), 2802 (s), 1670 (vs), 1624 (vs), 1580 (m), 1491 (m), 1456 (m), 1361 (m), 1264 (s),
1165 (w), 1074 (w), 956 (w), 846 (w).

[Zny(u-L)(u-OAc) 2] 2MeCN

Anal. Calcd. for CogH34N10012Zng: C, 34.88; H, 3.53; N, 14.53 %. Found: C, 35.10;
H, 3.66; N, 14.32 %. Conductivity, 4 =8 S cm? mol™! (in DMF). Mp > 250 °C. Selected IR
bands [wavenumber, cm™1]: 1626 (s), 1573 (vs), 1456 (s), 1427 (s), 1539 (w), 1250 (m), 1216
(m), 1138 (m), 1084 (m), 1030 (w), 953 (w), 865 (W).

Abbreviations used for IR spectra: vs, very strong; s, strong; m, medium; w, weak.

* Corresponding author. E-mail: marko.rodic@dh.uns.ac.rs
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TABLE S-1. Crystallographic and refinement details for [Znp(u-L)(n-OAc)z]22MeCN

Chemical formula CogH34N10012Zn4
CCDC No. 2285370
Temperature, K 295(2)
Formula weight, g mol™! 964.21
Crystal system triclinic
Space group P1
alA 8.8225(3)
b/A 9.9872(3)
c/A 11.4437(4)
al® 87.645(3)
ple 70.488(3)
y/l° 78.268(3)
V/A3 930.18(5)
Crystal size, mm?3 0.67x0.34x0.16
Reflections collected 15341
Unique reflections 3805
Observed reflections [/ > 20(1)] 3426
Rint 0.019
R [I>20(])] 0.022
R (all data) 0.061
Goodness-of-fit, S 1.071

Apmaxs Appmin. € A3 0.28/-0.22
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Abstract: Aminoguanidine derivatives are the focus of research because of their
various biological activities, such as antiviral, antibacterial, analgesic, antioxid-
ant and anticancer. Their complexes with different metals are also examined
and many of them show significant biological activity, too. Besides, some of
the complexes show good photoluminescent properties and are used for the
preparation of photoelectronic devices. Therefore, the synthesis, physicochem-
ical, structural and thermal characterization of the complexes of 2-acetylpyrid-
ine-aminoguanidine (L) with copper (II) are described here. Under different
reaction conditions, Cu(Il) with L gives three complexes of different compo-
sitions. By varying the strength of basicity of the deprotonating agent used, it
was proven here that the Schiff base given here could be coordinated in neutral
or monoanionic form. In the presence of pyridine, a coordination polymer is
obtained, while in the presence of ammonia/lithium acetate two different
monomeric complexes were crystallised. Their physicochemical and thermal
properties, as well as molecular and crystal structure, are determined.

Keywords: Schiff base; Cu complex; synthesis; crystal structure; thermal decom-
position; structural characterization.

INTRODUCTION

Aminoguanidine was used as a drug for the treatment of diabetic complic-
ations, i.e. kidney disease, due to its ability to lower the level of advanced gly-
cation end products.! However, some serious side effects were present, thus its
Schiff bases were suggested as more suitable for the application.2-3 Since the
chelation, i.e., the metal centre could have a positive effect on the biological
activities of Schiff bases, it is not surprising that the metal complexes with these
ligands are widely studied.>:¢ Some of them were found to express various bio-

* Corresponding author. E-mail: marijana.kostic@dh.uns.ac.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/JSC230707060K
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logical effects, such as antiviral, antibacterial, analgesic, antioxidant, and even
anticancer activity.” On the other hand, some of the complexes showed high
photoluminescence and were used for the preparation of optoelectronic devices.3

The examination of the crystal structure of metal complexes with amino-
guanidine Schiff bases started with the work of Leovac et al.? and since then
numerous complexes were synthesised, characterised, and their possible applic-
ations investigated.!0-13

Among the mentioned Schiff bases, 2-acetylpyridine-aminoguanidine (L)
stands out, due to its ability to achieve different coordination modes in the com-
plexes. Namely, depending on the synthetic conditions, this Schiff base could be
coordinated or have a role of the counterion.!4 Nonetheless, if coordinated it
could act as a tridentate ligand if in its neutral form,!3 or the bidentate ligand if in
its monoprotonated form.!2 Since the well-known alkaline nature of the amino-
guanidine residue, as well as the fact that the guanidinium group is found in pro-
teins and at physiological pH is protonated, it is of interest to examine the con-
ditions for its deprotonation and the influence of the different substituents
attached to it.

Hence, in this paper, three new complexes of copper(Il), of which one poly-
meric cationic {[Cu(L)(u-Cl)]NO3-0.25H,0},, (1), and two neutral complexes
[Cu(L-H)CI] (2) and [Cu(L)CINO3]-H>O (3) were synthetized, and their phys-
icochemical and thermal properties, as well as molecular and crystal structure
were determined.

EXPERIMENTAL
Reagents

All chemicals used for synthesis and characterization were reagent-grade and used as
received from commercial sources, without further purification, except for the ligand 2-acet-
ylpyridine-aminoguanidine dihydrogendichloride, [H,L]Cl,, which was prepared according to
the previously published procedure.!?

Preparation of the complex {[Cu(L)(u-Cl)JNO3-0.25H,0}, (1)

To the warm solution of 0.25 mmol (0.063 g) [H,L]Cl, in 5 mL H,O, 0.25 mmol (0.06 g)
Cu(NOs),-3H,0 and 0.5 mL pyridine were added. The mixture was slightly heated until dis-
solution. The resulting green solution was left at room temperature and after 7 days, green
single crystals were filtered and washed with H,O and EtOH. Yield: 0.064 g (70 %). The
same complex was obtained in the reaction of the metal salt (0.25 mmol) dissolved in H,O (3
mL), and the ligand (0.25 mmol) was dissolved in MeOH (5 mL).

Preparation of the complex [Cu(L-H)CI] (2)

The warm solution of 0.25 mmol (0.06 g) Cu(NO3),3H,0 in 3 mL MeOH was added to
a warm solution of 0.25 mmol (0.063 g) [H,L]Cl, in 5 mL MeOH, in the presence of the few
drops of ammonia. The mixture was mildly heated until dissolution. The resulting solution

was left at room temperature and after 7 days brown single crystals were filtered and washed
with MeOH. Yield: 0.051 g (71 %).
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Preparation of the complex [Cu(L)CINOz]-H,0 (3)

The warm solution of 0.25 mmol (0.06 g) Cu(NOj3),-3H,0 in 2 mL H,O was added to
the warm solution of 0.25 mmol (0.063 g) [H,L]Cl, in 5 mL MeOH, in the presence of the
lithium acetate (0.5 mmol, 0.05g). The mixture was slightly heated until dissolution. The
resulting dark green solution was left at room temperature and after 7 days blue crystals were
filtered and washed with MeOH. Yield: 0.056 g (63 %).

Analytical methods

Elemental analyses (C, H, N) of air-dried compounds were carried out by standard
micro-methods. Molar conductivity measurements of freshly prepared solutions (¢ = 1 mmol
L) were performed on a Jenway 4010 conductivity meter. IR spectra were recorded on a
Thermo Nicolet iS20 FTIR spectrophotometer (Thermo Fisher Scientific) with Smart iTR™
ATR sampling accessories, in a range of 4000-400 cm™!. Thermal data were collected using
TA Instruments SDT Q600 thermal analyser coupled to Hiden Analytical HPR20/QIC mass
spectrometer. The decomposition was followed from room temperature to 700 °C at a 10 °C
min’! heating rate in the argon carrier gas (flow rate = 50 cm? min!). Sample holder/refer-
ence: alumina crucible/empty alumina crucible. Sample mass 2.5-3 mg. Selected ions
between m/z 1 and 93 through the TG-MS measurements were monitored in multiple ion
detection mode (MID).

Single crystal X-ray diffraction

Crystallographic and refinement details are listed in Table S-I of the Supplementary
material. All data were collected at room temperature. Crystal structures were solved using the
iterative dual-space routine within SHELXT!3 and refined with SHELXL'®. All non-hydrogen
atoms were refined anisotropically, while hydrogen atoms were placed in idealized positions
and refined using a riding model.

The presence of water molecule in 1 was confirmed by TGA which matches with the
occupancy factor of oxygen that was constrained to 0.25. Hydrogen atoms bonded to O4 in 1
could not be located in the residual density map due to low occupancy.

The final structures underwent internal validation using Platon!” and external validation
using the Cambridge Structural Database (CSD)!® via the Mogul!® knowledge bases access-
ible through Mercury CSD.20

Analytical and spectral data of the synthesized compounds are given in Supplementary
material to this paper.

RESULTS AND DISCUSSION
Syntheses and characterization

The Cu(Il) complexes 1-3 were obtained in the reaction of the warm solut-
ions of the chloride salt of the ligand and copper(Il) nitrate, in a mole ratio of 1:1
in the presence of the deprotonating agent (Scheme 1). The latter was pyridine in
the case of complex 1, ammonia for 2 and lithium acetate for 3, and was used to
deprotonate the Schiff base and enable its coordination. Depending on the
strength of the base used as a deprotonating agent, three new complexes with two
different degrees of deprotonation of the chelating ligand were isolated. Namely,
when pyridine and lithium-acetate were used, the ligand was coordinated in its
neutral, and, so far, the most common form.!2 On the contrary, when ammonia
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was used, the monoanion of the ligand was coordinated. Since ammonia is a
stronger base than pyridine and acetate ions, this is not surprising. The synthesis
of complex 1 could be also carried out from the mixture of MeOH and H5O. It is
interesting to mention that the compound in which the monoanion of the ligand is
coordinated (2) was also obtained during syntheses from methanolic solutions of
copper (II) nitrate and chloride salt of the ligand, in the presence of Na,CO3 and
KOH as diprotonation agents (proven by the results of elemental analysis and IR
spectra), which was expected considering the strength of their basicity.

py
H,0 or MeOH-H,0

{[Cu(L)(p-CHINO;0.25H,0}, (1)

y

Cu(NO3),-3H,0 + [H,L]Cl, = 0;41\:(1)2;03 TR [Cu(L-H)CT] (2)
= Téj?ﬁim > [Cu(L)CINO;]-H,0 (3)
0

Scheme 1. Synthesis of the complexes.

All three compounds are well soluble in DMF. Complexes 1 and 3 are well
soluble in water, as well, while complex 2 is insoluble in this solvent. Methanol
dissolves complex 1 well, and the other two complexes moderately, and all three
compounds dissolve poorly in ethanol. The molar conductivity values indicate
that complex 1 is a 1:1 type electrolyte, thus the polymeric structure is lost. The
value of molar conductivity of complex 3 is between 1:1 and 2:1 type electro-
lytes, which indicates the partial substitution of anionic ligands with solvent
molecules. The molar conductivity measurements confirm the non-electrolytic
nature of complex 2.

The ligand coordinates as NNN-tridentate, via pyridine, azomethine and the
imine nitrogen atom of the aminoguanidine residue, which is primarily assumed
by the comparison of IR spectra of the complexes with the spectrum of the lig-
and. Due to the coordination, v(CN) band originating from the azomethine group
(found at 1684 cm~! in the ligand spectrum) suffers a negative shift of ca. 35-40
cm~1. Similarly, the band ascribed to the imine group of the aminoguanidine
fragment was shifted from 1624 cm™! (in the ligand spectrum) to 15951603 cm™!
(in the spectra of the complexes). A band of weak intensity that can be observed
in the spectra of complexes, at 647 (1), 640 (2) and 645 cm~! (3), may be
assigned as the vibrations of the pyridine ring and confirm its coordination
through the nitrogen atom.!0 Also, in the spectrum of 1, another significant band
at 1385 cm!, recognizable by its very strong intensity, originates from the
uncoordinated NO3~. On the contrary, in complex 3, the band occurring at 1299
cm! originates from the monodentate coordinated nitrate.2!
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Crystal structure description

The molecular structures of all three complexes are presented in Fig. 1,
while the selected structural data are summarized in Table 1. In all three struc-
tures the usual, tridentate coordination mode of the Schiff base, i.e., through
pyridine N5, azomethine N3 and imine N1 nitrogen atom of the aminoguanidine
residue was found. This coordination mode resulted in the formation of two five-
-membered chelate rings, one of 2-acetylpyridine and one of aminoguanidine
moiety (Fig. 1). In compounds 1 and 3 the ligand is present in its neutral form,
and in compound 2 the ligand is present in its monodeprotonated form (depro-
tonation of the chelate ligand occurs on the hydrazine nitrogen atom N2).

.oa

Fig. 1. Molecular structures of complexes 1-3.

In complex 1, copper (II) is situated in the square-pyramidal environment of
the NNN-coordinated chelate ligand, and one chlorido bridge in the basal plane,
and another chlorido bridge in the apical position. Deviation from the ideal
square-pyramidal geometry, i.e., the deformation towards trigonal-bypiramide,
can be described by 75 parameter,22 which for this compound has a value of 0.22
(the square-pyramidal environment of the copper(Il) is moderately deformed).
The copper (1) ion is shifted from the equatorial plane towards the apical ligand
by 0.1159(9) A. Of the two chlorido ligands, the equatorial one, forms the shorter
bond with copper (II), while the apical one is much further away (by even more
than 0.6 A). It is important to mention that complex 1 is the first coordination
polymer with this ligand. The monomer units are bridged by chlorido ligands and
the Cu---Cu atom separation is 3.742(2) A. The angle that the copper(Il) atom
from one subunit subtends with the copper(Il) atom from another unit via the
chlorido ion as a bridge between these subunits (C11-Cul—Cl11¢, Table I) has the
value of 97.28(3)°.

In complex 2, the ligand is coordinated as a monoanion. Copper(Il) is placed
in the square-planar environment of three nitrogen donor atoms of the ligand and
one chlorido ligand. Deviation of this geometry towards tetrahedral is described
by 74 parameter,23 which for complex 2 equals 0.16. As in structure 1, the coor-
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dination of Schiff base resulted in the formation of two five-membered chelate
rings.

TABLE I. Selected bond lengths and bond angles; Symmetry operation: (i) x, —y+3/2, z+1/2

1 2 3
Bond Bond length, A
Cul-N1 1.9340(19) 1.9130(17) 1.9393(12)
Cul-N3 1.9713(19) 1.9523(14) 1.9665(11)
Cul-N5 2.015(2) 2.0092(16) 2.0177(12)
Cul-Cl1 2.2372(7) 2.2227(5) 2.2165(4)
Cul-Cl1’ 2.8525(7) - -
Cul-0O1 - - 2.4604(12)
N1-C1 1.298(3) 1.317(2) 1.2954(19)
N4-C1 1.322(3) 1.348(2) 1.3315(19)
N2-Cl1 1.375(3) 1.364(2) 1.3757(19)
N2-N3 1.352(3) 1.356(2) 1.3573(16)
C2-N3 1.279(3) 1.293(2) 1.2808(17)
Bonds Bond angle, °©
Cl1-Cul-N3 172.33(6) 178.64(5) 171.20(4)
N1-Cul-N5 158.25(9) 159.80(6) 158.37(5)
N1-Cul-N3 79.87(8) 79.47(6) 79.83(5)
N3-Cul-N5 78.73(8) 80.34(6) 78.78(5)
N3-Cul-0O1 - - 92.17(4)
N3-N2-C1 113.31(18) 107.77(14) 113.32(11)
N1-C1-N4 126.6(2) 123.33(17) 126.46(14)
N2-C1-N1 117.1(2) 121.41(17) 117.14(12)
C3-N5-C7 119.2(2) 119.05(17) 119.16(13)

The square-pyramidal copper (II) environment with a t5 parameter of 0.21 is
found in complex 3. The basal plane of this pyramid consists of the donor atoms
of the chelate ligand and the chlorido ligand, while the apex of the pyramid is
occupied by the oxygen atom O2 from the nitrato ligand. Copper (II) is shifted
towards the apical oxygen by 0.1221(6) A. Expectedly, of the three nitrate oxy-
gen atoms, the coordinating one, Ol, is at the greatest distance from nitrogen N6
(1.2642(17) A), while the remaining two, O2 and O3 are at distances shorter by
ca. 0.04 and 0.02 A, respectively. In the polymeric complex 1, nitrate has a role
of a counterion, and the distance of its oxygen atoms from N6 is in the range of
1.221(3)-1.245(3) A.

The entire ligand system in all three complexes shows a high level of plan-
arity, which is evidenced by the values of the dihedral angles at which the pyri-
dine ring is subtended with the 2-acetylpyridine and aminoguanidine metallo-
cycles (5.9(13) and 3.5(15)° for 1, 3.82(5) and 1.85(4)° for 2, and 1.01(10) and
2.78(3)° for 3, respectively).
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In all these complexes, the distances between the Cu atom and chelating
ligand donor atoms are in the range 1.9130(17) — 2.0177(12) A, with Cu—pyri-
dine nitrogen atom bond lengths being the longest, and those with the imine
nitrogen atom being the shortest, making the nitrogen N1 a better electron donor
than nitrogen N3. In the square-pyramidal structures of 1 and 3, Cu-coligand
bond lengths have also the expected values, with the equatorial ligand are closer
to the metal centre and the apical ligand is further from it. In these two com-
plexes, the length of the C1-N1 bond corresponds to the value of the localised
double bond, and after coordination, this bond is shortened, compared to its
length in the free ligand. The exceptions in the change of some geometric para-
meters after coordination in 2 and in the other two compounds can be explained
by the coordination of the ligand in its monoanionic form (2), while in the other
complexes, it is coordinated in its neutral form (1 and 3).

In 2, deprotonation of the aminoguanidine residue leads to elongation of the
C1-N2 and C1-N4, and shortening of N2—N3 bonds, but this trend is also obs-
erved in the structures of the other two complexes, which indicates that the form-
ation of coordination covalent bond has a greater impact on bond lengths than
deprotonation. Also, the ligand coordination leads to angular changes in amino-
guanidine moiety, visualized through the shrinking of the N3-N2-C1 and N2-
—CI1-N1 angles and widening of the N1-C1-N4 angle in these two complex
compounds. The angle N1-C1-N4 has a larger value after coordination in 1 and
3, but the smallest value in 2, while the angles N3-N2—C1 and N2-C1-N1 have
the same value as before deprotonation.

Besides the electrostatic interactions, the crystal structure of 1 is additionally
stabilised by the intermolecular hydrogen bonds (Fig. S-1 of the Supplementary
material), which engage all N-H donors of the cation and all three nitrate oxy-
gens as acceptors (Table II). This way of hydrogen bonding affects forming of
the layer in the crystallographic bc plane, where the nitrate ion connects two
chains of monoperiodic cations through the previously mentioned hydrogen
bonds (Fig. S-2 of the Supplementary material).

The crystal structures of 2 and 3 are also stabilised by hydrogen bonding.
The intermolecular hydrogen bonds were observed in 2 which engages the N4
atom as a donor of two hydrogen bonds and N2 and Cl1 as acceptors. This way
of bonding leads to the formation of a chain that extends along the crystallo-
graphic [01 1] direction (Fig. S-3 of the Supplementary material). Crystal water
molecules in 3 have a crucial role in connecting three neighbouring complex
units. Besides the water molecule, in the same structure, the N—H donors are
atoms N1, N2 and N4 while the acceptors are all three oxygen atoms of nitrato
coligand. (Fig. S-4 of the Supplementary material). Two neutral complexes are
connected via N2-H2---O1 and N4-H4B---O2 hydrogen bonds (Table II) form-
ing the centrosymmetric dimers, while water molecules interconnect these dimers
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via O4-H4D---Cl1 hydrogen bonds forming the chain of dimers shown in Fig. S-
Sa of the Supplementary material, where one dimer present pair of the green and
blue model. These chains of dimers are interconnected also by the same water
molecules, through O4-H4C---O2 and by ligand and nitrato coligand through
N2-H2---03 hydrogen bond (Fig. S-5b). On the other hand, there is a network of
the same interconnected chains which is centrosymmetric in relation to the pre-
viously described one where there is stacking of pyridine aromatic ring and met-
allocycle Cul-N1-C1-N2-N3 (Fig. S-6 of the Supplementary material), but with
no hydrogen bonding between those two (Fig. S-5¢).

TABLE II. Geometrical parameters for hydrogen bonds

D-H--A dH--A)/A dD--A)/A Z(D-H--A)/° Symmetry operation for A
1
NI-HI-—03 2112) 294103 1753) Tt y+172, =432
N2-H2:--02 2062)  2.893(3) 172(2) % 9,2
N4-H4A--02  2.142)  2.973(3) 175(3) —x+l, yH1/2, 24302
N4-H4B-O1  2062)  2.892(3) 176(3) %92
2
N4H4B-N2  2212)  3.057Q2) 1692) Y p—
N4-H4A--Cll  2572)  3.3618(19) 166(2) e+, —y+2, —z+1
3
04H4C-02  228Q2)  3.004Q2) 15803) 1,91,z
04-H4D---Cll  2492)  3.3017(18) 170(3) —xt1, —y, —z
N4-H4A:---04 2.04 2.826(2) 152.2 X, ),z
N4-H4B---02 2.08 2.934(2) 171.9 —x+1, —y+1,—z
NI-H1---04 2.49 3.1408(19) 133.2 X, ),z
N2-H2---03 2.57 3.0933(19) 120.1 x—1,y,z
N2-H2---0O1 2.10 2.8750(16) 149.3 —x+1, —y+1,—z

Thermal properties of complexes 1-3

All three compounds were analysed by simultaneous TG-DTG and online
coupled TG-MS measurements in argon. Complex 1 begins to lose mass some-
what above room temperature, which causes a broad low-intensity mass change
0f 0.9 % up to ~130 °C (Fig. 2). This mass loss is most probably the result of the
lattice water evaporation. The measured mass loss is somewhat less than the
water content calculated based on crystallographic data (1.3 %) due to the spon-
taneous evaporation at room temperature during storage. The spontaneous water
loss is in accordance with the tight empty space which HoO can occupy in the
crystal structure of the monoperiodic cation of 1. The thermal decomposition of
anhydrous 1 begins at 215 °C, onset. A sharp mass loss step of 31.0 % is charac-
teristic of the decomposition. Following, the nitrate can be marked as the most
reactive component of complex 1, and in this step, it most probably decomposes
also causing the oxidative decomposition of the organic ligand. Due to such
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redox processes, the crystal lattice very likely crushes, too at this step. Above
~230 °C the decomposition continues at a steady rate without any stable inter-
mediate formation, and it is not finished up to 700 °C.

Mass change, %

— - . - . L . - »- o

atag 2270
: #\212’6

MM3C k
4 b —————

T T T T T
100 150 200 250 300 350 400
Temperature, °C

Derivative mass change, %°C”’

Fig. 2. TG and DTG curves of complexes 1-3 in argon.

Complex [Cu(L-H)CI] (2) is stable up to 130 °C, onset. At this temperature,
its mass is decreasing by 0.3 %. Considering that this complex does not contain
lattice water, the mass loss in this step is most probably the result of the evapor-
ation of water traces from the slightly hygroscopic compound. Above 190 °C
complex 2 decomposes in several highly overlapped steps continuously without
the formation of any stable intermediate. Its decomposition above 190 °C is not
sharp as the decomposition of complexes 1 and 3, because of the absence of nit-
rate and for the same reason its slighter decomposition process was expected, too.

The complex [Cu(L)CINO3]-H,O (3) contains lattice water, which evapor-
ates during the first mass loss step with DTG maximum at 113 °C. This was also
proved by coupled TG-MS measurements. The measured mass loss of 5.5 % is a
little bit higher than the mass percent of lattice water (5.06 %). Since compound
2 shows a slight hygroscopicity, the difference between the measured and calcul-
ated water content may originate from the absorbed humidity in this case too.
The anhydrous 3 is stable up to 204 °C, onset. Above this temperature, the
decomposition begins with a sharp mass loss step with the DTG maximum at 212
°C. The intensive mass loss is the result of the rapid decomposition of nitrate
from 3, like in the case of complex 1. Above 219 °C the decomposition continues
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at a steady rate without the formation of any stable intermediate, and it is not
finished up to 700 °C.

The DSC data of the compounds are in accordance with their composition.
The evaporation processes are endothermic, while the decomposition of the com-
plexes is in all three cases exothermic. The exothermic effect of the thermal deg-
radation of 1 and 3 was expected because of the presence of the nitrate group.
Differently, in the case of 2, the exothermicity of the decomposition process was
not in prospect because it does not contain oxidative groups. However, due to the
presence of nitrate, the exothermic effect, which follows the decomposition of
complexes 1 and 3 is more intensive than that of complex 2 (Fig. 3) without nit-
rates. There is a difference between the intensity of the exothermic effect of 1
and 3, also. The highest exothermic effect follows the decomposition of 1 with a
polymeric structure. Despite that 1 is stable at somewhat higher temperatures
than 3, when it decomposes, more energy is released than from complex 3, which
leads to a higher exothermic effect in the case of 1.

% .1
222°C E
+3
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? —
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100 150 200 250 300 350 400
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Fig. 3. DSC curves of complexes 1-3 in argon.

The TG-MS data prove the conclusions based on TG and DSC curves (Figs.
2 and 3). The first mass loss below 150 °C is in all three compound water evapor-
ation. Even though compound 2 is synthesised in the absence of water and in the
presence of NHj, the following TG-MS signals suggest the presence of water (18
and 17 m/z) and not ammonia (17 and 16 m/z, Fig. 4). To follow the main decom-
position step of the compounds, besides water (OH*, HyO"), ammonia (NH;*,
NH;3"%), and chlorine fragments (CIt, HCI) the signals of the nitrate decompo-
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sition products NO™, N,O" and NO,* were also analysed. From these fragments,
the most intensive is NO* (30 m/z), which is usual for nitrate decomposition (Fig.
5).24 The very small peak of 30 m/z in complex 2 cannot be correlated to NO™
release because of the absence of nitrate. However, the mass value of 30 m/z may
be correlated to the fragment NoH; from the nitrogen-rich ligand. As is shown in
Fig. S-7 of the Supplementary material, all the detected signals of complex 2 are
the most intensive at the beginning of the thermal decomposition process.
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Fig. 4. MS curves of H,O (17 and 18 m/z).
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Fig. 5. MS curves of NO (30 m/z).
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CONCLUSION

In the reaction of warm solutions of the ligand, [H,L]Cl, and copper(Il) nit-
rate, in the presence of different deprotonating agents, single-crystals of three
new coordination compounds were formed - polymeric complex
{[Cu(L)(u-C1)][NO3-H,O}, (1) and neutral complexes [Cu(L-H)CI] (2) and
[Cu(L)CINO3]-H0O (3), where L is 2-acetylpyridine-aminoguanidine. The ligand
was coordinated in its neutral form in complexes 1 and 3, where pyridine and
lithium-acetate were used for deprotonation. As a stronger base, ammonia as
deprotonating agent, in complex 2, causes the coordination of the monoanion of
the ligand. The Schiff base is coordinated through pyridine, azomethine, and the
imine nitrogen atom. This coordination mode results in the formation of two five-
-membered chelate rings. Copper (1) is situated in the square-pyramidal environ-
ment of donor atoms of the ligand and its co-ligands in 1 and 3, while copper (II)
in 2 is placed in a square-planar environment of N-donor atoms and one chlorido
ligand. The thermal measurements proved that complexes 1 and 2 are hygro-
scopic and by increasing the temperature lose the bonded water. Complex 3 also
loses its lattice water during heating. All compounds are stable in their anhydrous
form up to 200 °C and above this temperature they decompose. The beginning of
their decomposition process is more intensive in 1 and 3 because of the presence
of nitrate.

Different coordination behaviour of the ligand, in the presence of diproton-
ation agents with different base constants, can lead to different properties of these
novel complexes, and further research will include the investigation of photolum-
inescence and the antioxidant properties will be analysed.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12476, or from the corres-
ponding author on request. CCDC 2269543-2269546.CCDC 2279826-2279828 contain the
supplementary crystallographic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre (https://www.ccdc.cam.ac.uk/structures).
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U3BOJ
PEAKIHJE 2-AUETWIINTMPUIWH-AMUHOIBAHUIWHA CA Cu(Il) 10 PA3JIMYNTUM
PEAKIOMOHHUM YCJIOBUMA

MAPHJAHA C. KOCTHR, HUKOJIA . PATHOBWUTR, MAPKO B. POJIWT, BEPTA BAPTA XO0JIO, JbUJbAHA C.
BOJUHOBWH JEIIWR u MUPJAHA M. PATAHOBWR

Yuusepsutieii y Hogsom Cagy, ITpupogro—matmemamiuuxy Gaxynitewi, Tpt Jocuiieja Odpagosuha 3,
21000 Hosu Cag

JlepuBaTy aMHUHOTBaHUAUHA Cy Beh Oyxe BpeMe y (OKyCy MCTpaKuBama 3axBamyjyhu
Pa3HOBPCHOj OMOJIOLIKOj aKTMBHOCTH Kao LITO Cy aHTUBMPYCHA, aHTUDAKTepHjCKa, aHalreT-
CKa, aHTUOKCUJAaTUBHA, Ka0 U aHTUKAHIEpOreHa aKTHBHOCT. IbMX0OBM KOMIUIEKCH Ca MeTa-
JUMa Cy Takohe MCIMTHBaHU U NOped OWONOLIKY aKTUBHHX JlepUBaTa aMUHOIBaHUIWHA
BeIMKH OPOj OBHUX KOMIUIEKCA Takohe IMoKasyje 3HauajHy OUOOWKY akTHBHOCT. OCUM TOra,
HEKH MO0Ka3yjy 3HayajHa (POTOTYMHUHECLIEHTHA CBOjCTBAa U KOPHCTe ce 3a (hOTOENEKTPOHCKE
ypebaje. ¥ cknamy ca CBUM HaBeNeHMM, y OBOM pafy Cy NpHKasaHe CHHTe3e, HU3NYKO—
—XeMHjCKa, CTPYKTypHa U TepMOaHAJIUTHYKA KapaKTepH3alrja KOMIUIEKCa 2-alle TWINHPUAUH
amuHorBanuzauHa (L) ca baxpom(II). TIpu pasnuuutum peaxunoHum yciosuma Cu(Il) ca L
Jlaje KOMILJIeKCe pa3MuyuTor cactaBa. [lokasaHo je na ce HaBeneHa IllndoBa ba3a Moxe Koop-
IOVHOBATH y HEYTPaIHOj UIM MOHOAHjOHCKOj (DOPMH y 3aBUCHOCTH Off jaurHe Hase kopuirhene
3a IenpoTOHAUMjy. Y MpPUCYCTBY MUPUAMHA je NoOWjeH KOOpOUHALIMOHHU MONUMED, TOK Y IpHU-
CyCTBy aMOHHjaKka/JIUTHjym-aueTaTa A0OUjeHa Cy [Ba pas3IuyhTa MOHOMEDHA KOMIUIEKCA.
Onpehena cy wuxoBa HU3NIKO-XEMHUjCka U TEPMUYKA CBOjCTBA, KAO U MOJIEKYJICKA U KPHUC-
TaJIHa CTPYKTYypa.

(TTpumibeHo 7. jyna, pesuaupano 28. jyna, mpuxsaheno 8. centembpa 2023)
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{[Cu(L)(w-C)JNO3-0.25H,0},, (1)

Anal. Calcd. for CgH;; sN¢O;,5CICu: C, 28.02; H, 3.36; N, 24.52 %. Found: C, 27.63;
H, 3.68; N, 24.01 %. Conductivity, 4 =110 S cm? mol™! (in MeOH), 4 =76 S cm? mol™! (in
DMF). Selected IR bands [wavenumber, cm™!]: 3320 (s), 3182 (s), 1680 (s), 1650 (s), 1603
(m), 1545 (m), 1385 (vs), 1331 (m), 1200 (m), 1156 (w), 1112 (w), 1048 (w), 822 (w), 779
(m), 647 (w).
[Cu(L-H)CI] (2)

Anal. Calcd. for CgHoN¢CICu: C, 34.93; H, 3.63; N, 25.45. Found: C, 35.02; H, 3.68;
N, 25.63 %. Conductivity, 4=35 S cm? mol™! (in DMF). Selected IR bands [wavenumber,
em™1]: 3376 (m), 3206 (s), 3122 (m), 1643 (m), 1595 (s), 1516 (s), 1489 (s), 1430 (s), 1366
(m), 1263 (m), 1171 (s), 1086 (m), 1025 (w), 887 (w), 796 (m), 640 (s).
[Cu(L)CINO;]-H,0 (3)

Anal. Calcd. for CgH3NgO4CICu: C, 26.28; H, 3.65; N, 23.60. Found: C, 26.97; H, 3.68;
N, 23.21 %. Conductivity, 4= 114 S cm? mol™! (in DMF). Selected IR bands [wavenumber,
cm 1]: 3538 (m), 3368 (s), 3152 (s), 1647 (vs), 1623 (m), 1601 (s), 1545 (s), 1425 (vs), 1299
(vs), 1267 (s), 1015 (s), 905 (w), 724 (w), 703 (w), 645 (m).
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1. X-RAY DATA TABLE

Table S-1. Crystal data, data collection, and refinement details for 1, 2, and 3

Chemical formula Cng 1‘5N6O3'25C1CU CngONGCICu (2) C8H13N6O4C1Cu (3)
1)
CCDC No. 2279826 2279827 2279828
Temperature, K 295(2) 295(2) 295(2)
Formula weight, g mol™ 342.72 275.20 356.23
Crystal system monoclinic triclinic triclinic
Space group P2/c Pl Pl
alA 15.2534(5) 6.9461(3) 8.8689(2)
blA 12.6235(5) 8.8077(4) 9.1112(2)
c/A 6.9614(3) 9.3443(3) 9.1228(2)
al® 90 65.659(4) 99.739(2)
Ble 91.933(4) 87.263(3) 91.368(2)
y/° 90 87.946(3) 112.718(2)
v/ A3 1339.67(9) 520.19(4) 666.95 (3)
Crystal size, mm? 0.50x0.21x0.12 0.56 x 0.11 x 0.05 0.48 x 0.41 x 0.23
Reflections collected 11936 12706 25579
Unique reflections 3229 2124 4613
Observed reflections [/ = 1961 4005
2544
20(1)]
Rin 0.030 0.029 0.025
R [I>20(D)] 0.037 0.021 0.027
R (all data) 0.087 0.056 0.073
Goodness-of-fit, S 1.05 1.09 1.08

Aprmax> Mpumins € A3 0.29 /-0.25 0.23/-0.19 0.36/-0.28
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Figure S-1. Hydrogen bonding in 1
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Fig. S-2. Crystal packing of 1 showing the hydrogen bonds that connect two monoperiodic
polymer chains
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Fig. S-3. Hydrogen bonding in 2
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Fig. S-5. Hydrogen bonds responsible for dimer and chain formation (a), interconnecting the
chains (b) and crystal packing of 3
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Fig. S-6. Stacking of py ring and aminoguanidine mettalocycle XX
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Fig. S-7. Fragments of complex 2 in argon
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Abstract: The coordination behavior of three ligand precursors 2-[(2-pyridinyl-
methyl)amino]acetic acid hydrochloride, 4-[(2-pyridinylmethyl)amino]benzoic
acid hydrochloride and 4-{[2-(pyridin-2-ylmethylamino)ethylamino]methyl}-
benzoic acid hydrochloride, HL1-HCI-HL3-HC], respectively, in copper(Il)
complexes is described. The complexes were characterized by elemental ana-
lysis, ESI mass spectrometry and IR spectroscopy, as well as X-ray structural
analysis. The reaction of copper(Il) with HL1-HCI in methanol afforded the
polymeric complex [{Cu(u-Cl),(MeL1-«*>N,N*)},] (1) featuring the methyl
ester of L1 (MeL1). With HL2-HCl or HL3-HCI, the dimeric complex
[{CuCl(z-C1)(HL2-k2N,N")},] (2) or the mononuclear complex [CuCl,(HL3-
K3N,N’,N)] (3) were obtained. All complexes exhibited square-pyramidal geo-
metries. In 1, polymeric chains are formed through bridging chlorido ligands
without typical hydrogen bonding interaction. Contrarily, the COOH group in 2
is participating in the formation of intermolecular hydrogen bonding forming a
supramolecular structure. In 3, intermolecular hydrogen bonding (Cl---H(O))
leads to a 1-D polymeric structure. The copper(ll) complex 2 diminished
viability of human 8505C, MCF-7, 518A2 and SW-480 cell lines. The tumoric-
idal effect of 2 was realized mainly through caspase-mediated apoptosis.

Keywords: copper(Il); pyridine; X-ray structure; in vitro anticancer activity.

* Corresponding author. E-mail: hey@uni-leipzig.de
https://doi.org/10.2298/JSC230818072R

1279



1 2 80 RICHTER et al.

INTRODUCTION

The Jahn—-Teller active copper(Il) ion exhibits remarkable flexibility in its
coordination sphere, allowing it to adopt a diverse range of coordination geo-
metries, spanning from four-coordinate (tetrahedral or square planar) to six-coor-
dinate elongated octahedral structures.! In copper(I) complexes containing hal-
ido ligands enhanced flexibility is observed by facilitating halide bridging
between copper(Il) centers, leading to the formation of extended oligomeric or
polymeric complexes.

Pyridine-based multidentate ligands are a highly adaptable group of com-
pounds, primarily because they can be easily functionalized using efficient syn-
thetic methods.? The flexibility in their synthesis allows for the creation of cus-
tom-made ligands.3** When such molecules are coordinated to metal ions, they
enable the manipulation of both the electronic and structural characteristics of the
resulting complexes.

Transition metal complexes with N, N -bidentate pyridylmethylamine ligands
remain a subject of ongoing interest, primarily due to the high coordination
versatility achievable through the introduction of diverse substituents on the
amine and/or pyridyl unit.>-8 Numerous structural variations in pyridylmethyl-
amines and their corresponding complexes have been documented highlighting
the significance of their steric and electronic properties in various targeted chem-
ical applications.”~!! Previous studies have utilized N-(2-hydroxybenzyl)-amino
acids and N-(2-pyridylmethyl)-amino acids as useful polydentate ligands to form
multidimensional and oligomeric structures.!2-19

Here we report the investigation of the influence of the amino N substituent
in (2-pyridinylmethyl)amino ligands on the solid-state structure of copper(Il)
complexes. Depending on the substituent polymeric polynuclear
[{Cu(u-Cl),(MeL1-«2N,N*)},], dinuclear, [{CuCl(u-Cl)(HL2-x2N,N’)},], or
mononuclear, [CuCl,(HL3-x2N,N’,N*")], complexes were obtained. The com-
plexes were characterized by elemental analysis, ESI-MS and IR spectroscopy
and single crystal structure analysis.

EXPERIMENTAL
Materials and methods

Chemicals and instruments. Methanol, CuCl,, RPMI 1640 medium, fetal bovine serum,
propidium iodide (PI), acridine orange (AO), and sulforhodamine B (SRB), were ordered
from Sigma-Aldrich (St. Louis, MO). AnnexinV-FITC (AnnV), was obtained from Biotium
(Hayward, CA) while Apostat was from R&D (R&D Systems, Minneapolis, MN, USA). For
'H- (300 MHz) and '3C-NMR (75 MHz) spectroscopy (Fourier-300, Bruker) tetra-methyl-
silane (TMS) was used as an internal standard and deuterated solvent as reference. The melt-
ing points were determined in a capillary using a Gallenkamp instrument. Elemental analysis
was performed on Thermo Scientific Flash Smart CHNS (Italy). The IR spectra were recorded
with an FT-IR spectrometer Spectrum 2000 (Perkin Elmer) using KBr pellets in the range of
4000 to 400 cm™!. The ESI mass spectra in a positive mode were recorded with an FT-ICR
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mass spectrometer (Bruker Daltonics). The isotope distribution was determined with the pro-
gram Molecular Weight Calculator 6.45.20 The specification of the molecular ion peak refers
to the highest signal in the observed isotope pattern. The absorbance for the SRB assay was
measured at 540 nm with the reference wavelength at 670 nm. Fluorescence activated cell
sorting (FACS) experiments were conducted on CyFlow® Space Partec by using the Partec
FloMax® software.

Analytical and spectral data are given in the Supplementary material to this paper.

Synthesis of the ligand precursors HL1-HCI-HL3-HCI

Synthesis of HLI1-HCI! and HL2-HCI. Ligand precursors HL1-HCl (2-[(2-pyridinyl-
methyl)amino]acetic acid hydrochloride) and HL2-HCI (4-[(2-pyridinylmethyl)amino]benzoic
acid hydrochloride) were obtained as described in the literature.!3-2!

Synthesis of 4-{[2-(pyridin-2-ylmethylamino)ethylamino]methyl}benzoic acid hydrochlo-
ride HL3-HCI. The compound 4-[(2-aminoethylamino)methyl]benzoic acid (synthetic pro-
cedure was described earlier??) (1.32 g, 0.007 mol) was reacted with KOH (0.45 g, 0.007 mol)
in water (10 mL). The resulting clear light yellow solution was cooled to 0 °C. Pyridine-2-carb-
aldehyde (0.73 g, 0.007 mol) was then added within 30 min, followed by stirring at 0 °C for 1
h. NaBH, (0.25 g, 0.007 mol) dissolved in water (5 mL) was slowly added to the reaction
solution. The resulting pale yellow suspension was stirred overnight at room temperature.
Hydrochloric acid (2 M, 8 mL) was added to the clear yellow solution, foaming vigorously
and changing color to orange; the pH of the solution was adjusted to 3. The solvent was then
completely removed in vacuum. The crude yellow product was recrystallized from methanol
(150 mL). The resulting light yellow solid was filtered off, washed with diethyl ether (50 mL)
and dried in vacuum. Properties: yellowish powder; soluble in chloroform, moderately soluble
in methanol, DMSO; insoluble in diethyl ether. Yield: 1.05 g (40 %).

Synthesis of the copper(Il) complexes 1-3

Synthesis of 1. Solid HL1-HC1 (300 mg, 1.5 mmol) was added to a solution of CuCl,
(200 mg, 1.5 mmol) in methanol (15 mL). The resulting clear green reaction solution was
stirred for three days at room temperature. Afterwards, a light blue precipitate had formed
from the bright green reaction solution. This crude product was filtered off and washed with
diethyl ether (40 mL) and dried in air.

Properties: green solid; soluble in DMF, DMSO, methanol; moderately soluble in
ethanol; insoluble in diethyl ether. Yield: 260 mg (58 %). Decomposition temperature: 212 °C
(green to black).

Synthesis of 2. A suspension of HL2-HCI (396 mg, 1.5 mmol) in methanol (10 mL) was
added dropwise within 5 min at room temperature to a bright green solution of CuCl, (200
mg, 1.5 mmol) in methanol (10 mL). The color of the reaction solution changed from light
green to dark green. After stirring overnight, the green precipitate was filtered off and washed
with diethyl ether (8 mL). The product was dried in vacuum. Properties: dark green powder;
soluble in water, DMSO; moderately soluble in methanol; insoluble in diethyl ether. Yield:
377 mg (70 %). Decomposition temperature: 211 °C (dark green to black).

Synthesis of 3. CuCl, (100 mg, 0.75 mmol) was dissolved in methanol (10 mL) at room
temperature. A solution of HL3-HCI (280 mg, 0.75 mmol) was added to this bright green
solution. After 12 h stirring the light blue precipitate was filtered off and washed with meth-
anol (5 mL) and diethyl ether (5§ mL). The product was dried in vacuum. Properties: light blue
solid; soluble in water, DMSO; moderately soluble in methanol; insoluble in diethyl ether.
Yield: 240 mg (70 %). Decomposition temperature: 190 °C (light blue to black).
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Single crystal X-ray structural analysis

The data for the single crystal X-ray structure analyses of 1-3 were collected on a Gem-
ini diffractometer (Rigaku Oxford Diffraction) using MoKa radiation and w-scan rotation.
Data reduction was performed with CrysAlis Pro?? including the program SCALE3 ABSPACK
for empirical absorption correction and an analytical numeric absorption correction using a
multifaceted crystal model based on expressions derived by Clark and Reid.?* The structures
were solved by direct methods using the program SHELXS-2013 and refined with SHELXL-
-2018.25 Crystallographic parameters are collected in Table S-1 of the Supplementary material.
The structural images were generated and processed with Diamond.?® Supplementary inform-
ation of the crystallographic data can be accessed through https://www.ccde.cam.ac.uk/
/structures/ CCDC 2285917 (1), CCDC 2285918 (2), CCDC 2287497 (3).

In vitro studies

Complex 2 was dissolved in DMF at 20 mM (stock solution) and diluted to working
concentrations up to 100 pM with completed RPMI 1640 nutrient medium. The tumor cell
lines were seeded at 1000 (518A2), 1500 (8505C and SW-480) and 2000 cells/well (MCF-7)
and the SRB assay was performed, in triplicate, as described in the literature.?’-28 The assays
AnnV/PI, apostat and AO were conducted as described recently.?*3% For flow cytometry exp-
eriments MCF-7 cells were seeded in 6-well plates at 1x10° cells/well and concentration
applied in treatments was /Cs, of complex 2.

RESULTS AND DISCUSSION
Synthesis of copper(Il) complexes 1-3
In the present work, two bidentate (HL1-HCl and HL2-HCI) and one tri-
dentate (HL3-HCI) 2-pyridinylmethyl)amino derivatives were reacted with cop-
per(Il) chloride in methanol (Scheme 1). The corresponding copper(Il) com-

plexes 1-3 were obtained in moderate yields. Copper(Il) reacts with HL1-HCI in
methanol with esterification of the carboxylic acid group (complex 1), as was

A H o = H
| | Hel | I HCl Hal
=z N z N
N oH N

HL1-HCI HL2HCI HL3-HCI
CuCl, CuCl, o CuCl,
MeOH MeOH MeOH
r.t. rt. rt. fo) OH

=
[/
9/:;;‘:.\\0 Nll \\Cl[,, N N/,C \\C|
N g ( \le \N
- + N

o T

OH
o

Scheme 1. Synthesis of copper(Il) complexes 1-3.
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previously also observed for the corresponding cationic monomeric ruthenium(II)
p-cymene cloride complex with HL1.2! The characterization of the complexes
was carried out by mass spectrometry, IR spectroscopy as well as by X-ray single
crystal structure analysis.

Characterization

The purity of copper(Il) complexes 1-3 was confirmed by elemental ana-
lysis, verifying their composition. Furthermore, ESI mass spectrometry is par-
ticularly informative for copper(Il) complexes with chlorido ligands. Considering
the natural abundance of only two copper (63Cu 69.17 % and 65Cu 30.83 %)3!
and chlorine isotopes (35C1 75.77 %, 37Cl 24.23 %)),32 the isotopic patterns of the
copper(Il) complexes are significantly more line-poor than those of the compar-
able palladium or platinum complexes.33:34 Thus, relatively effortless conclusive
molecular composition of the respective copper(Il) complexes from the isotopic
pattern can be obtained. The shape of the isotopic pattern of 1 at 278.2 m/z sug-
gests only one coordinated chlorido ligand, which makes the corresponding
molecular fragment [1-CI]* positively charged. The shape and isotopic ratio of
the simulated molecular ion peak agree well, for all three copper(Il) complexes,
with those of the measured molecular ion peaks. Similarly, for 2 and 3 under the
same conditions [M—CI]* was observed at m/z 688.9 and 383.0, respectively. IR
spectra of copper(Il) complexes 1-3 show a characteristic strong absorption band
at 1751 and 1608 or 1611 cm!, which indicates C=O stretching vibration of the
ester in 1 or protonated carboxylic groups in 2 and 3, respectively.12:21.35.36
Appropriate asymmetric COO vibrations were found at 1357 (1), 1261 (2) and
1262 cm! (3). For copper(Il) complex 1, N-H vibrations were observed at 3209
cm~!, while 2 and 3 exhibited O—H and N-H vibrations at ca 3420 or 3417 and
3210 or 3208 cm™!, respectively.

Molecular structure of 1

Light blue needles of 1 appropriate for X-ray structural analysis were
obtained by slow evaporation of a methanol solution. Complex 1 crystallizes in
the monoclinic space group P2i/c. The molecular structure is shown in Fig. 1a.
Selected bond lengths and angles are summarized in Table I.

A similar copper(Il) complex, with a carboxylic acid in the ligand backbone,
instead of its methyl ester reported herein (1), has already been described.!2
Thus, in that report, coordination in a kN,N’,xO fashion to copper(Il) occurs
along with formation a second five-membered ring. The five-membered ring in
complex 1 (Cu—N1-C5-C6-N2) has an envelope conformation. Through the
index of trigonality 75 (0.12), calculated with equation 75 = (f—a)/60 (o and /5 are
the largest bond angles around the copper(II) ion),37 the coordination polyhedron
around copper(Il) is described as a square-pyramid with minor distortion. In the
crystal lattice, zig—zag chains typical for copper(I) halido complexes along the
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c-axis are formed, where the copper(Il) atoms are bridged via one chlorido ligand
forming a 1D polymer (Fig. 1b).

Fig. 1. a) Molecular structure of 1 and b) zig—zag chain along [001]. Only N1, N2, C5 and C6
of the bidentate ligand are shown. The ellipsoids shown correspond to a residence probability
of 30 %. For reasons of clarity, only the N-H atom is shown.

TABLE I. Selected bond lengths (A) and angles (°) in 1-3

Bond length, A | Bond angle, °
1
Cu—Nl1 2.017(8) Cl1-Cu—CI2 92.49(9)
Cu—-N2 2.062(8) Cl1-Cu-N1 92.9(2)
Cu—Cll 2.265(2) Cl1-Cu-N2 167.5(2)
Cu—CI12 2.297(3) C12—Cu-N2 93.9(2)
Cu—Cll 2.699(3) C12-Cu-N1 174.5(2)
N1-Cu-N2 81.1(3)
Cu-NI1-Cl1 124.9(7)
Symmetry code ’: x, 0.5-y, 0.5+z Cu—-N1-C5 115.2(6)
2
Cu—Nl1 2.005(5) Cl1-Cu—CI12 99.10(6)
Cu—-N2 2.078(5) Cl1-Cu—N1 94.1(2)
Cu—Cll 2.266(2) Cl1I’-Cu—CI2 93.80(7)
Cu—CI12 2.248(2) Cl1’-Cu—N1 94.1(2)
Cu—CI1I’ 2.783(2) Cl1’-Cu—N2 174.7(2)
Cu—Cll 2.783(2) N1-Cu—CI2 166.6(2)
O1---CI2 3.024(5) N1-Cu—-N2 81.0(2)
02--"N2 2.832(7) Cu-NI1-Cl1 114.2(4)
Symmetry code ’: —x , 1-y, 2—z Cu—-N1-C5 126.7(4)
3
Cu—Cll1 2.2486(7) Cl1-Cu—CI12 98.29(2)
Cu—CI2 2.7100(7) Cl1-Cu—-N1 96.34(6)
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TABLE I. Continued

Bond length, A | Bond angle, °
3

Cu—NI1 2.015(2) N1-Cu—N2 81.66(8)
Cu—-N2 2.006(2) N1-Cu—N3 160.07(9)
Cu—N3 2.035(2) N1-Cu—CI2 97.26(6)
C12---02¢ 3.032(2) N2-Cu—Cl1 175.99(7)
N2—Cu—N3 84.23(8)

N3—-Cu—Cll 96.84(6)

symmetry code’: —x , 1=y, 2—z N3—-Cu—CI2 95.57(6)

Molecular structure of 2

Slow continuous evaporation of a methanol solution of 2 yielded blue needles
suitable for single-crystal X-ray structure analysis. The complex crystallizes in
the orthorhombic space group Pccn. The molecular structure is shown in Fig. 2.
Selected bond lengths and angles are summarized in Table II. Complex 2 forms
typical chlorido-bridged dimers, with a crystallographic inversion center located
in the center of the four-membered Cu—Cl1-Cu'-CI1' ring. The Cu—Cl1 (2.266(2)
A) and Cu—CI2 (2.248(2) A) bond lengths are significantly shorter than the one
for Cu'-Cl1 (2.783(2) A). Coordination of the chelating ligand HL2 to the copper
atom results in a five-membered ring (Cu—N1-C5-C6-N2) in an envelope con-
formation with A- or J-configuration. The bond angles Cu—-N1-C1 (114.2(4)°)
and Cu-N1-C5 (126.7(4)°) deviate considerably from the ideal angle (120°), but
are similar to comparable copper(Il) complexes, i.e., [CuCly(py-2-CH;NH3)] and
others.12:38.39 Contrary to general expectation, no carboxylic acid dimers are found
in the solid state of 2. Instead, moderately strong hydrogen bonding occurs between

Fig. 2. Intermolecular hydrogen donor-acceptor bonds between two dimers in the solid
state of 2. The ellipsoids shown correspond to a residence probability of 30 %. For clarity,
only the N-H and O—H hydrogen atoms are shown.
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(OH---CI2 (3.024(5) A) and O2---H(N2) (2.832(7) A) (Fig. 2) building (100)
oriented layers.40 The angular structural parameter z5 (0.13), a general descriptor
of five-coordinate molecules, indicates a square-pyramidal copper(II) complex.

Molecular structure of 3

Deep blue plates of complex 3 suitable for X-ray single crystal structure
analysis were obtained by slowly cooling a boiling aqueous solution of 3 to room
temperature and subsequent storage at 4 °C for 24 h. Complex 3 crystallizes in
the monoclinic space group P2i/c. The molecular structure is shown in Fig. 3a.
Selected bond lengths and angles are summarized in Table II. HL3 is coordinated
at the copper(I) ion in a K3N,N’,N*’ bonding mode generating two five-mem-
bered rings which differ in their conformation. Accordingly, ring 1 (Cu—N1-C5-
—C7-N2) has an envelope conformation and ring 2 (Cu-N2—-C7-C8-N3) J- or A-
-conformation. Hydrogen bonds occur between the atoms (O2")H and CI2 (Fig.
3b), resulting in a 1D chain along [201]. The shortest distance CI2---O2' is
3.031(2) A and is in a comparable range to the O1---CI2 distance of complex 2
(3.024(5) A). In 3, the copper(Il) ion has a distorted square-pyramidal geometry
with an angular structural parameter 75 = 0.26.

a)

Fig. 3. a) Molecular structure of complex 3 and b) hydrogen bonding in the solid state of 3.
The ellipsoids shown correspond to a residence probability of 30%. For clarity, only
the N-H and O-H hydrogen atoms are shown.

In vitro study of 2

To assess the in vitro potential of copper(Il) complexes, as a representative
compound complex 2 was selected and tested against four cell lines, namely
8505C, MCF-7, 518A2 and SW-480. The viability was determined using an SRB
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assay (Fig. 4). Complex 2 was found to be active on all investigated cell lines
with ICsg values ranging from 12.5 to 22.5 pM. Its activity was found to be
lower on the same cell lines (SRB assay, 96 h of treatment) in comparison to the
clinically used drug cisplatin.#1-43

*

100 1
< —e—8505C
& M —=—MCF-7
3
- 60 1
> —a—518A2
3 40

—e— SW-480
20 1
0 : .

0 16 31 63 125 25 50 100
c/uM

Fig. 4. Dose-dependent response of selected tumor cell lines treated with copper(Il) complex 2
(SRB assay, 96 h). /Cs, concentrations: 8505C, 22.35+2.33; MCF-7, 12.5+0.92; 518A2,
19.95+3.19; SW-480, 22.35+3.75 uM. *: p <0.05 in comparison to control.

MCEF-7 cells were chosen for further experiments as the most sensitive cell
line displaying a specific plateau effect in response to treatment (Fig. 4). Upon
exposure to an ICsg dose of copper(Il) complex 2, the MCF-7 cells underwent
massive apoptosis (Fig. 5a). This effect was synchronized with intensive total
caspase activation despite the fact that these cells are caspase 3 deficient (Fig.
5b).4445 Also, complex 2 did not elevate the number of autophagic vesicles in
comparison to untreated cells. Even lower in activity than cisplatin, copper(Il)
complex 2 deserves attention since copper, as essential element, is involved in
main cellular functions.46 Since it was found that tumor cells have a higher dem-
and for copper compared to normal cells, it can be speculated that compounds
based on copper(Il) will be more efficiently internalized by neoplastic cells thus
representing a form of targeted therapy.*’

CONCLUSION

Preparation and characterization of three copper(Il) complexes containing
2-[(2-pyridinylmethyl)amino](methyl acetate) (1), 4-[(2-pyridinylmethyl)amino]-
benzoic acid (2) and 4-{[2-(pyridin-2-ylmethylamino)ethylamino]methyl}ben-
zoic acid (3) is described. Elemental analyses verify the purity of the complexes.
Furthermore, ESI mass spectrometry and infrared spectroscopy confirm complex
formation. In the solid state, complexes form polymeric (1), dimeric (2) or
mononuclear (3) structures with copper(Il) in a square-pyramidal environment.
Complex 1 forms 1D chains via bridging chlorido ligands, while dimers of 2 are
constructing a supramolecular structure through intermolecular hydrogen bond-
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a) b)
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Fig. 5. Triggering of effects of complex 2 on a) apoptosis, b) caspases and c¢) autophagy in
MCF-7 cells with complex 2.

ing interactions, and complex 3 forms polymeric chains by intermolecular hydro-
gen bonding. Complex 2 efficiently suppresses the growth of 8505C, MCF-7,
518A2 and SW-480 tumor cell lines. Induction of caspase-dependent apoptosis
was found to be a leading cause of the tumoricidal activity of complex 2.
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KBAOPATHO-ITMPAMUJIATHU MOHOHYKJIEAPHH, TUHYKJIEAPHHU U
I[NOJIMHYKJIIEAPHU KOMIIJIEKCH BAKPA(II) CA (2-ITIMPUIUHUJIMETUT)AMHUHO
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Beoipag u *Department of Engineering and Natural Sciences, University of Applied Sciences Merseburg,
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OnucaHa je KOOpAWHALIMja TPU JUraHz npekypcopa 2-[(2-NIMpHOYHUIMETHI )aMUHO]|CHp-
herHe xucenuHe xugpoxnopuna, 4-[(2-MUPUAUHUIMETHI)aMUHO]DEeH30eBe KUCEJIMHE XHUAPO-
xsopupa U 4-{[2-(MUpUIUH-2-UIMETHIaMHUHO)eTHIAMUHO]MeTHI}0eH30€eBe KUCETHHE XHUAPO-
xnopuga, HL1-HCI-HL3-HCI, ca daxpom(II). HarpalheHu koMIuiekcH cy oOKapaKTepHCaHH
efeMeHTaaIHOM aHanu3doM, ECH maceHoM crniekTpomeTpujom U UP cnekTpockomujom, Kao U
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PEHATeHCKOM CTPYKTYpHOM aHanu3oM. Y peaxuuju dakpa(Il) ca HL1-HCl y metaHony dop-
MupaH je komrmiekc dopmyie [{Cu(u-Cl)2(MeL1-x2N,N')}.] y3 ecrepudukanujy L1 (MeL1).
Ca HL2-HCI, ognocHo HL3-HCI bakap(Il) je Harpaguo munykieapuu komruiekc [{CuCl(u-
-Cl)(HL2-x*N,N")}2] (2), onHocHO MoHOHyKieapuu kommiekc [CuClz(HL3-x3N,N',N"")] (3). ¥
CBa TPY KOMIUIEKCA LIEHTPalHM jOH je y KBaApaTHO-NMHPaMHUAATHOM OKpykewy. Kom kom-
miekca 1 dopMrpaHa je monuMepHa CTPYKTypa IMPpeKo MOCTOBHUX XJIOPUAO JWraHana, a des
TUNUYHUX BOJOHWYHUX Be3a. CynpotHo Tome, COOH rpymna y kommiekcy 2 y4ecTByje y rpa-
hewy HHTEpMONEKy/ICcKe BOJOHHYHE Be3e Hajyhu cympamorexynapHy CTpykrypy. Konm kom-
mwiexca 3 uHTEepMonexynce BogoHuuHe Bese (Cl---O) obpasyjy 11 HmOTHMEpHY CTPYKTYpY.
Kommexc 2 je mokas3ao 3Ha4yajHy akTUBHOCT Ha TectupaHuMm henujama 8505C, MCF-7, 518A2
u SW-480 xymaHor nopexna. OCHOBHM MeXaHU3aM IIyTeEM KOra je peaau30BaHa TYMODULIMIHA
aKTUBHOCT je alloNTo3a 3aBHCHA Off aKTHBaLMje Kacmasa.

(TTpumibeHo 18. aBrycTa, peBuaMpaHo 26. asrycra, npuxsaheno 25. cenrembpa 2023)
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ANALYTICAL AND SPECTRAL DATA

4-{[2-(Pyridin-2-ylmethylamino)ethylamino]methyl}benzoic acid hydrochloride HL3-HCI

'H NMR (300 MHz, DMSO-d, in ppm): § 3.35-3.41 (m, 4H, CH,*CH,?), 4.23 (s, 2H,
CHy°), 433 (s, 2H, CH,%), 7.41 (‘t’, 1H, CH"), 7.56 (‘d’, 1H, CH®), 7.70 (d, 3Jyy = 8.0 Hz,
2H, CH®), 7.87 (‘t, 1H, CH"), 7.95 (d, 3Jyy = 8.0 Hz, 2H, CH"), 8.59 (‘d’, 1H, CH™).
13C{IH} NMR (75 MHz, DMSO-d, in ppm): § 43.2 (s, CH,?), 43.4 (s, CH,Y), 49.9 (s, CH,°),
50.9 (s, CHy%), 123.3 (s, CH®), 123.7 (s, CHY), 129.5 (s, CH®), 130.1 (s, CH"), 130.2 (s, CJ),
131.2 (s, C¥), 137.4 (s, CHY), 149.1 (s, CH™), 152.4 (s, C™), 167.1 (s, CO). IR: V (cm!) 3435
(s, br), 2930 (s), 2757 (s), 2696 (s), 2587 (m), 2418 (m), 1683 (s), 1615 (m), 1432 (m), 1320
(m), 1277 (m), 1232 (m), 1106(s), 809 (s), 760 (s).

9 OH

N'd Xym
|
Fig. S-1. Atom numbering scheme of HL3.

Compound 1

Elemental analysis for CoH;,Cl,CuN,0, (314.65), Calculated: C, 34.35; H, 3.84; N, 8.90
%; Found: C, 34.75, 3.91; N, 9.11 %. ESI-MS (CH30H), positive mode: m/z 278.2 [M—CI]*.

* Corresponding author. E-mail: hey@uni-leipzig.de
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IR: v (cm") 3419 (br, w), 3209 (s), 3033 (m), 2949 (m), 1751 (s), 1608 (m), 1452 (m), 1440
(m), 1419 (w), 1357 (m), 1240 (s), 1204 (m), 1159 (w), 1131 (w), 1112 (w), 1028 (m), 1008
(m), 931 (w), 772 (s).
Compound 2

Elemental analysis for C,qH»4Cl4Cu,N4Oy (725.37), Calculated: C, 43.05; H, 3.34; N,
7.72 %; Found: C, 42.83, 3.30; N, 7.72 %. ESI-MS (CH;0H), positive mode: m/z 688.9
[M=CI]". IR: Vv (cm™!) 3421 (br, s), 3210 (m), 2963 (m), 2360 (W), 1717 (m), 1699 (m), 1684
(w), 1608 (s), 1558 (w), 1541 (w), 1507 (w), 1261 (m), 1177 (m), 1104 (m).
Compound 3

ESI-MS (CH;0H), positive mode: m/z 383.0 [M—CI]*. IR: vV (cm!) 3417 (br, s), 3208
(m), 3157 (m), 2925 (s), 1712 (s), 1670 (m), 1611 (m), 1452 (m), 1319 (w), 1262 (s), 1112 (s),
1023 (s), 801 (m), 769 (m).

TABLE S-1. Crystallographic parameters of copper(Il) complexes 1-3; f: twinned crystal needle

Name 1t 2 3
Formula C9H12C12CUN202 C26H24C14CUZN404 C16H19C12CUN302
Fw (g mol™) 314.65 725.37 419.78
Temperature (K) 130(2) 130(2) 130(2)
crystal color green green blue
crystal size (mm) 0.29 x 0.03 x0.02 0.15%0.03 x0.01 0.30 x 0.10 x 0.02
crystal system monoclinic orthorhombic monoclinic
space group P2,/c Pcen P2/c
a(A) 19.195(1) 8.8843(5) 13.2615(4)
b(A) 8.7089(4) 20.018(1) 10.3590(3)
c(A) 6.9006(4) 15.899(1) 14.5507(6)
a (®) 90 90 90
L) 96.350(5) 90 113.210(4)
y(°) 90 90 90
V (nm?) 1.1465(1) 2.8276(3) 1.8371(1)
Z 4 4 4
calcd density (g cm™3) 1.823 1.704 1.518
F(000) 636 1464 860
no. of collected reflns 2629 16673 15658
no. of independent 2629 2501 4563
reflns
Ry 0.0868 0.2079 0.0563
no. of reflns observed 1602 1290 3443
restrains/parameters 0/150 2/189 0/293
R, =0.0629, R, =0.0542, R, =0.0406,
R{I>20(D)] wR, = 0.1359 wR, = 0.0869 wR, =0.0758
R, =0,1039, R, =0,1427, R, =0.0635,
R (all data) WwR, = 0,1435 wR,=0,1108 wR, = 0.0844
Goof, § 1.006 1.000 1.032

AP/ Apin (€ A 1.234/-0.625 0.629/-0.497 0.478/-0.377
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Abstract: In the present study, a zinc(Il) complex with 4-ethynyl-2,2’-bipyri-
dine (ebpy), [Zn(ebpy)Cl,], was synthesized and characterized by spectro-
scopic (\H-NMR, IR and UV-Vis) methods and molar conductivity measure-
ment. The crystal structure of the [Zn(ebpy)Cl,] complex was determined by
single-crystal X-ray diffraction analysis, confirming the bidentate coordination
of the ebpy ligand through its two nitrogen atoms, while the remaining two
coordination sites are occupied by two chloride ions. With the aim to inves-
tigate the reactivity of the synthesized zinc(Il) complex toward biologically
important molecules, its binding affinity to calf thymus DNA (ct-DNA) and
bovine serum albumin (BSA) was studied by fluorescence emission spectro-
scopy. From the obtained results, it can be concluded that [Zn(ebpy)Cl,] com-
plex binds to bovine serum albumin reversibly, while the combination of ethid-
ium bromide (EthBr) and Hoechst 33258 (2’-(4-hydroxyphenyl)-5-[5-(4-meth-
ylpiperazine-1-yl)benzimidazo-2-yl]-benzimidazole) competitive binding study
suggests that this complex interacts with ct-DNA through the minor groove
binding, which is in agreement with molecular docking study.

Keywords: zinc(Il); bipyridine; structural characterization; protein interactions;
DNA interactions.
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INTRODUCTION

Zinc represents an essential trace element for all forms of life.! In living
systems, the role of zinc can be catalytic or structural, but in some DNA inter-
acting metalloproteins, this metal plays both roles.? In the human body, zinc is
required for the normal function of immune system, for proper wound healing,
the sense of taste and smell, and for the normal growth and development.3
Besides that, this metal has an important role for the normal function of the brain
and can modulate its excitability, and it also influences the learning process.# It is
also important to mention that zinc supplementation is proposed for application
in cancer prevention due to its beneficial effects, such as inhibition of angio-
genesis and induction of inflammatory cytokines, leading to the apoptosis of
cancer cells.’

The great importance of zinc has spawned numerous model complexes and
significantly enriched knowledge of its coordination chemistry.? In living organ-
isms, zinc exists only in +2 oxidation state, whereby Zn(Il) ion has a filled d sub-
shell (d!0 electronic configuration). In complexes, this metal ion can adopt differ-
ent coordination number and geometry, including tetrahedrally four-coordinated,
trigonal-bipyramidal or square-pyramidal five-coordinated, and octahedrally to
trigonal prismatic six-coordinated; all these geometries can also be distorted to
different extent.® Vahrenkamp proposed that Zn(II) ion acts as both soft and hard
Lewis acid, what can be seen from the dominance of the ZnN,S,; motif (N
represents the donor atom of histidine, while S is from cysteine) in enzymes and
zinc fingers. Zinc(II) ion forms tetrahedral complexes with halides and oxygen-
-donor ligands. Different stable zinc(I) complexes are also known with nitrogen-
donor ligands, including amines and azaheterocycles, while some complexes
with sulfur-donors have unusual structural properties.2

In the last few decades, zinc(II) complexes have attracted great attention for
the generation of 1D, 2D and 3D infinite structures and frameworks.? Beside its
significance in coordination and supramolecular chemistry, numerous zinc(Il)
complexes have been found to be interesting from the point of view of medicinal
chemistry, since these compounds have shown antimicrobial,” anticancer,3 anti-
diabetic,” antioxidant!0 and anti-inflammatory!! activities. Considering this, we
have recently synthesized two mononuclear zinc(Il) complexes, [Zn(py-2py)X>],
X is CI™ or Br, with a 2,2’-bipyridine derivative, namely dimethyl 2,2’-bipyri-
dine-4,5-dicarboxylate (py-2py), and investigated their in vitro antimicrobial act-
ivity and cytotoxicity on the normal human lung fibroblast cells (MRC-5) and the
model organism Caenorhabditis elegans.!? 1t was found that of the two synthe-
sized zinc(IT) complexes, the one with chlorido ligands has shown a higher anti-
fungal activity against the studied Candida strains, better ability in preventing C.
albicans ATCC 10231 biofilm formation, and higher quorum sensing inhibitory
potential on the two investigated biosensor strains (Chromobacterium violaceum
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CV026 and Serratia marcescens ATCC 27117).12 Leading by this study, herein,
another 2,2’-bipyridine derivative, namely 4-ethynyl-2,2’-bipyridine (ebpy),
reacted with ZnCl, to yield a mononuclear zinc(Il) complex, [Zn(ebpy)Cl,]. This
ligand was previously used for synthesis of platinum(Il), ruthenium(Il) and rhen-
ium(Il) complexes conjugated to vitamin B12 as the formulations of anticancer
prodrugs against MCF-7 breast cancer cells.!3 Moreover, a fac-[Mn(CO);]* com-
plex bearing ebpy conjugated to vitamin B12, has shown unusual dark and light-
-induced cytotoxicity.!4 The presently synthesized [Zn(ebpy)Cly] complex was
characterized by spectroscopy (!H-NMR, IR and UV-Vis) and molar conduct-
ivity measurement, while its structure was determined by single-crystal X-ray
diffraction analysis. The interactions of this complex with bovine serum albumin
(BSA) and calf thymus DNA (ct-DNA) were investigated to check its binding
affinity toward these biologically important molecules.

EXPERIMENTAL
Reagents

Zinc(II) chloride, ethanol, acetonitrile, dimethyl sulfoxide (DMSO), deuterated dimethyl
sulfoxide (DMSO-dg), phosphate buffer saline (PBS), bovine serum albumin (BSA), calf
thymus DNA (ct-DNA), ethidium bromide (EthBr), Hoechst 33258 (2’-(4-hydroxyphenyl)-5-
-[5-(4-methylpiperazine-1-yl)benzimidazo-2-yl]-benzimidazole) and n-octanol were pur-
chased from the Sigma—Aldrich (St. Louis, MO, USA). All these chemicals were of analytical
reagent grade and used without further purification.

Measurements

The elemental analysis of ebpy and [Zn(ebpy)Cl,] for carbon, hydrogen and nitrogen
were performed by the Institute for Information Technologies Kragujevac, University of Kra-
gujevac. The 'H-NMR spectra of ebpy and [Zn(ebpy)Cl,] were recorded at ambient tempera-
ture in DMSO-dg on a Varian Gemini 2000 spectrometer at 200 MHz. 5.0 mg of both com-
pounds were dissolved in 0.6 mL of DMSO-dj solvent, and the obtained solutions were trans-
ferred in 5 mm NMR tube. Chemical shifts, o, were calibrated relative to those of DMSO-d
and are given in ppm, while scalar couplings (J) are reported in Hz. The abbreviations for the
peak multiplicities are the follows: s (singlet), d (doublet), dd (doublet of doublets), ¢ (triplet)
and m (multiplet). To follow the solution behaviour of [Zn(ebpy)Cl,], its 'H-NMR spectrum
was recorded right after dissolution of the complex in DMSO-dg and after 1 and 2 days stand-
ing at ambient temperature. The UV—Vis spectra of ebpy and [Zn(ebpy)Cl,] were recorded on
a Shimadzu UV-1800 spectrophotometer over the wavelength range of 1100-200 nm at amb-
ient temperature. The concentration of solution of these compounds in DMSO used for UV—
—Vis measurements was 7.41x1075 and 8.40x10-> M, respectively. The measurement of UV—
—Vis spectrum of [Zn(ebpy)Cl,] was repeated after 24 and 48 h after its dissolution in DMSO.
The IR spectra of ebpy and its zinc(II) complex were recorded on a Perkin Elmer Spectrum 2
spectrometer using KBr pellet technique over the range of 4000-450 cm! (the used abbre-
viations: vs for very strong, s for strong, m for medium, w for weak). The molar conductivity
of [Zn(ebpy)Cl,] complex was determined on a digital conductivity-meter Crison Multimeter
MM 41 after its dissolution in DMSO at ambient temperature at concentration of 1.0x103 M.
Jasco FP-6600 spectrophotometer was used for the measurement of the emission spectra for
DNA/BSA interactions of [Zn(ebpy)Cl,] complex.
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Analytical and spectral data, as well as additional details, are given in the Supplementary
material to this paper.

Synthesis of ebpy

4-Ethynyl-2,2’-bipyridine (ebpy) was synthesized in accordance with the method previ-
ously reported.!5 The purity and constitution of the synthesized compound were confirmed by
elemental analysis and 'H-NMR spectroscopy (data given in Supplementary material). The
obtained data agree with those for the same compound previously reported.!?

Synthesis of [Zn(ebpy)Cl,] complex

5.0 mL of ethanolic solution of ebpy (1.0 mmol, 180.1 mg) was added dropwise to a
solution of an equimolar amount of ZnCl, (1.0 mmol, 136.3 mg) in 5.0 mL of ethanol under
stirring at ambient temperature. The stirring continued for 3 h at ambient temperature, and
after that time, the resulted white precipitate was filtered and recrystallized in acetonitrile. The
obtained solution was left to slowly evaporate at ambient temperature. Colorless crystals of
[Zn(ebpy)Cl,] complex suitable for single-crystal X-ray analysis were formed after 5 days.
Yield: 68 % (215.2 mg).

Crystallographic data collection and refinement of the structure

Crystal data and details of the structure determination for [Zn(ebpy)Cl,] are given in
Table S-1 of the Supplementary material. A suitable crystal was selected and mounted on a
loop in oil on a STOE IPDS 2 diffractometer. The crystal of the complex was kept at 250(2) K
during data collection. Using Olex2,!6 the structure was solved with the ShelXT!7 structure
solution program using intrinsic phasing and refined with the ShelXL!3 refinement package
using least squares minimization.

BSA binding experiment

The protein binding study was performed through fluorescence quenching experiment
using BSA (20 pM) in phosphate buffer (PBS, pH 7.4). The quenching of the fluorescence
emission intensity of BSA at 366 nm was monitored using [Zn(ebpy)Cl,] as a quencher with
the increasing amount (up to 50 pM). The fluorescence emission spectra were recorded in the
range of 285-500 nm with an excitation wavelength of 280 nm. It is important to note that the
fluorescence spectrum of the [Zn(ebpy)Cl,] in PBS was recorded under the same experimental
conditions, and no fluorescence emission was observed.

The Stern—Volmer constant (K,) for BSA interaction of the [Zn(ebpy)Cl,] was calcul-
ated using the following equation:

Fy/F =1+ Kryc(complex) = 1 + K c(complex) (1)

In this equation, £, and F represent the emission intensities in the absence and presence
of the examined quencher, respectively, K is the quenching constant, while 7y, which amounts
1078 s, is the fluorophore lifetime without the quencher.!”

The data obtained from the fluorescence measurements were also used to determine the
number of the binding sites for the complex to BSA () and the equilibrium binding constant,
K, based on the Scatchard equation:20

log (Fy — F)/F =logK + nlog c(complex) 2)
Lipophilicity assay
The flask-shaking method?! was used for determination of the partition coefficient (log

P) as a measure of lipophilicity for [Zn(ebpy)Cl,]. This complex was dissolved in DMSO and
added to water/n-octanol system. The obtained solution was vortexed for 1 h at ambient tem-
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perature and, after that, left to stand for additional 24 h until the separation of the two phases
was achieved. The absorbance value was determined from the calibration curve and used for
calculation of the concentration of the complex in n-octanol phase (c,) and water phase (c,).
The following equation was applied for calculation of the log P value:

log P = log (co/cw) 3)
DNA binding experiment

PBS buffer was used for the preparation of a stock solution of ct-DNA (1.43x102 M),
which concentration was determined from the UV absorbance value at 260 nm and the molar
extinction coefficient, £ = 6.6x103 M-! ¢cm™!.22 Stock solutions of EthBr (10.1 mM), Hoechst
33258 (10 mM) and zinc(II) complex (10 mM) were prepared in DMSO.

The competitive binding studies were performed at pH 7.4 in PBS, whereas the ratio
[ct-DNA]:[EthBr/Hoechst 33258] was 10:1, while the concentration of the complex gradually
increased (up to 100 uM). The spectra for the competitive interaction between EthBr and the
complex toward ct-DNA were measured in the range of 525-750 nm, with the excitation
wavelength of 520 nm, while the range for Hoechst 33258 competitive binding study was
351-750 nm, with the excitation wavelength of 346 nm. The K, K, and K constants, and the
n number were calculated as described above for BSA binding experiment. 1920
Docking study

Docking calculations were performed as previously described.?> The DNA target for the
investigated zinc(II) complex was selected from Protein Data Bank (pdb code: IBNA), as the
double stranded (d(CpGpCpGpApApTpTpCpGpCpG) dodecamer with two G=C rich regions
flanking one A=T rich region.>* Molecular docking calculations were carried out with the
AutoDock Vina (version 1.2.0)% and the AutoDock4 (version 4.2.6)2¢ software packages. The
Biovia Discovery Studio Visualizer software (version 21.1.0.20298) was employed to analyze
possible interactions between the complex and the DNA target.

RESULTS AND DISCUSSION

The ligand 4-ethynyl-2,2’-bipyridine (ebpy) was prepared in accordance
with the method previously described!> and its purity was confirmed by elemen-
tal analysis and 1H-NMR spectroscopy. Zinc(I) complex, [Zn(ebpy)Cl,], was
synthesized by mixing equimolar amounts of ZnCl, and ebpy in ethanol at ambi-
ent temperature (Scheme 1).

D\
N

1: 1 molar ratio N
C,HsOH Z \ ““\\\Cl
Zn

room temperature

CHiCN | \N/ \CI

F

[Zn(ebpy)Cly]

Scheme 1. Schematic presentation of the synthesis of [Zn(ebpy)Cl,]. Numeration of atoms in
ebpy was done in accordance with [UPAC recommendations and does not match that applied
in the X-ray analysis of zinc(II) complex.
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The obtained white precipitate was filtered and recrystallized in acetonitrile
to yield the colourless crystals of [Zn(ebpy)Cl;] suitable for single-crystal X-ray
diffraction analysis. In addition, TH-NMR, IR and UV-Vis spectroscopy and
molar conductivity measurement were applied for characterization of the syn-
thesized complex.

Solid state studies

The [Zn(ebpy)Cly] complex crystallizes in the monoclinic space group
P21/m. The molecular structure of this complex with the anisotropic displace-
ment ellipsoids and the atom numbering scheme is shown in Fig. 1, while its
selected bond lengths (A) and bond angles (°) with the estimated standard devi-
ations are presented in Table S-II of the Supplementary material.

c2g@

Fig. 1. Molecular structure of [Zn(ebpy)Cl,] complex.
- Displacement ellipsoids are drawn at 50 % probability
ZE level and H atoms are represented by spheres of arbit-
ci chi rary size. Symmetry code: (i) x, 1/2—, z.

_ crigy
@9 e
—Q 4 L B
_= o
] e 2 2 c1o

As can be seen in Fig. 1, [Zn(ebpy)Cly] complex is a mononuclear species,
in which the Zn(Il) ion is coordinated by the ebpy acting as a bidentate ligand
through its two nitrogen atoms and two chlorido ligands resulting in N»Cl; coor-
dination environment around the metal ion. The complex adopts a slightly dis-
torted tetrahedral geometry, with the value of tetrahedral index 7427 of 0.92. This
tetrahedral index can be calculated as:

74 =(360° — (B + a))/141° 4)

where f and a are the largest angles around the Zn(II) ion (8 = Cl111-Zn1-Cl1=
= 116.77(4)° and a = N1-Znl1-Cl1i = 113.93(3)°), while 74 value for the ideal
tetrahedral geometry amounts 1.27 This distortion from the ideal tetrahedral geo-
metry can be attributed to the relatively low bite angle of ebpy of 80.46(10)°. The
bond lengths and angles presented in Table S-II for [Zn(ebpy)Cl,] are in accord-
ance with those reported in the Cambridge Crystallographic Database (version
5.44, April 2023)28 for the structurally similar zinc(II) complexes with bident-
ately coordinated 2,2’-bipyridine and its substituted derivatives. In the crystal
structure of the [Zn(ebpy)Cly] complex, stacking interactions (n—m and weak
C-H---X) are present and can contribute to the stabilization of the structure.
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IR spectroscopy is a useful tool for identification of functional groups in a
molecule, since each chemical bond has a specific energy absorption band. The
IR spectrum of [Zn(ebpy)Cl,] complex in the range of 4000450 cm~! agrees with
its structure determined by single-crystal X-ray diffraction analysis. In this spec-
trum, the bands attributed to the characteristic vibrations of ebpy coordinated to
the Zn(II) ion can be detected. Thus, the bands at 3215, 2109 and 623 cm! in the
IR spectrum of the synthesized zinc(I) complex can be ascribed to V(Cajxyne—H),
V(C=C) and y(Cyjkyne—H) vibrations, respectively, suggesting the presence of ter-
minal alkyne (i.e., monosubstituted) in its structure. The other most important bands
are those which originate from the vibrations of heteroaromatic rings (analytical
data are given in the Supplementary material).

Solution studies

TH-NMR spectra of ebpy and [Zn(ebpy)Cl,] were recorded in DMSO-dg to
verify the coordination mode of this ligand to the Zn(II) ion in solution (Fig. S-
-1). As can be seen from Fig. S-1, the number of signals due to the ebpy in the
zinc(Il) complex was the same as that of the free ligand. Four resonances at ¢
7.67, 8.12, 8.57 and 8.72 ppm are observed in the aromatic region of the 'H-
-NMR spectrum of [Zn(ebpy)Cl,] complex, due to CSH/C5’H, C4’H, C3H/C3’H
and C6H/C6’H protons, respectively. In most cases, the chemical shifts of these
protons are downfield shifted from those of the corresponding protons of uncoor-
dinated ebpy. It is interesting to mention that the A(!H)coorq coordination shift
(determined in respect to uncoordinated ebpy) for C3H/C3’H protons (+0.18
ppm) is larger than those for C6H/C6’H protons (+0.00 ppm), which are adjacent
to the pyridine nitrogen binding atoms (Fig. S-1). These protons appear at ¢ 8.39
and 8.72 ppm in the 'H-NMR spectrum of the uncoordinated ebpy ligand, res-
pectively. In the aliphatic region of the IH-NMR spectrum of [Zn(ebpy)Cl,], a
signal due to the acetylene proton is present at 4.84 ppm and it is shifted down-
field after ebpy ligand coordination to the Zn(II) ion (A(H)coorq = +0.15 ppm). It
is important to note that there are no visible changes in !H-NMR spectrum of
[Zn(ebpy)Cly] recorded 2 days after its dissolution in DMSO-djg in respect to that
recorded immediately (Fig. S-2), confirming the bidentate coordination of ebpy
to the Zn(II) ion over this time period.

Non-electrolytic nature of [Zn(ebpy)Cl,] in DMSO solution was confirmed
by molar conductivity measurement.2® Furthermore, the value of the molar con-
ductance of this complex determined immediately after its dissolution (4.82 Q-1
cm? mol 1) remains almost the same for 2 days.

The UV-Vis spectrum of [Zn(ebpy)Cl;] was recorded in DMSO at ambient
temperature and compared with the corresponding spectrum of ebpy ligand. By
comparison of these two spectra, it can be concluded that the absorbance peak at
283 nm and a shoulder at 308 nm in the UV—Vis spectrum of [Zn(ebpy)Cl,] are
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due to the intra-ligand charge transfer transitions.30 With the aim to additionally
confirm the stability of [Zn(ebpy)Cl,] complex in DMSO, the measurement of its
UV-Vis spectrum was repeated 24 and 48 h after its dissolution (Fig. S-3). As
can be seen, the shape of spectra, position, and intensity of the absorption max-
ima of [Zn(ebpy)Cl;] did not change for the investigated period, additionally
confirming its solution stability.

BSA binding study

Serum albumin, the most abundant protein in the bloodstream, has a
significant role in the transport of various compounds to the target organs and
tissues. In the present study, fluorescence emission spectroscopy was used for
studying the interaction of the [Zn(ebpy)Cl,] with bovine serum albumin, BSA.
After addition of this complex to BSA solution (20 uM), a decrease of the BSA
fluorescence intensity was observed (33 % of its initial intensity), suggesting that
[Zn(ebpy)Cl,] complex interacts with the studied protein (Fig. 2). As a result of
this interaction, a blue shift of 3 nm in the emission maximum was observed,
being in accordance with the binding of zinc(Il) complex with the hydrophobic
active site of BSA.3!

c(complex) = 0— 50 puM, PBS (pH = 7.4)

[BSA] = 20 pM

FoF

Rel. Fluo. Int. (a.), 2ex= 280 nm

0,0E+00 4,0E-05 8,0E-05

c(complex) / moldm™

0 = T T T T T T v
300 325 350 375 400 425 450 475 500

Fig. 2. Fluorescence emission spectra of BSA in the presence of an increasing amount of
[Zn(ebpy)Cl,]. The red arrow shows the changes of fluorescence intensity after the addition
of this complex. Stern—Volmer plot of Fy/F’ vs. c(complex) is inserted.

The fluorescence quenching data for [Zn(ebpy)Cl,] was analyzed using the
Stern—Volmer and Scatchard equations given in the Experimental section. The
determined values of Ky, Kq and K constants, and » number of binding sites of
the zinc(I) complex per BSA are given in Table I. These values indicate that
[Zn(ebpy)Cl;] has a moderate affinity toward BSA, whereas one site per protein
is available for its binding. The BSA binding constants of the recently synthe-
sized [Zn(py-2py)X;] complexes, X is C1~ or Br™, py-2py is dimethyl 2,2’-bipyr-
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idine-4,5-dicarboxylate,!2 are 3.5 — 100 fold higher than those calculated for
[Zn(ebpy)Clz] complex. Considering that the value of Kq constant for [Zn(ebpy)Cl;]
complex is higher than the limiting diffusion rate constant of the biomolecule
(2x1010 M~1 s-1)32 it can be concluded that the mechanism of BSA fluorescence
quenching is static. Although the value of K constant for the investigated com-
plex shows its affinity for BSA, it is significantly lower than 1015 M~1.33 This
indicates that upon arrival to the target site, [Zn(ebpy)Cl,] will be released from
the serum protein.

TABLE L. Values of binding constants of [Zn(ebpy)Cl,] with BSA

Ky / M Hypochromism, % K /Mgt Ky /M1 n
(5.13£0.02)x103 335 5.13x10!! 2.35x103 0.90
Lipophilicity assay

The lipophilicity of a compound, expressed as a partition coefficient (log P)
between the hydrophobic octanol phase and the hydrophilic water phase, indi-
cates its ability to be transported through the lipid structures.2! The log P value
for [Zn(ebpy)Cly] is 1.35, being in the range of —0.4 to 5.6, reported previously
for different therapeutic agents.3* Besides that, the molecular weight of this
complex is lower than 500, and follows the Lipinski’s rule of five for orally used
therapeutic agents.35

DNA competitive binding study

To further investigate the reactivity of [Zn(ebpy)Cl,] towards DNA as a pot-
ential biological target, its interaction with ct-DNA was followed using the fluor-
escence quenching method in a competitive study with an intercalator ethidium
bromide (EthBr) and with a minor groove binder Hoechst 33258 (2’-(4-hydroxy-
phenyl)-5-[5-(4-methylpiperazine-1-yl)benzimidazo-2-yl]-benzimidazole; Hoe).
The emission spectra of ct-DNA—EthBr and ct-DNA—Hoe solutions, in which the
ratio [ct-DNA]:[EthBr/Hoe] is 10:1, were recorded after the adding the increas-
ing concentration of the [Zn(ebpy)Cly] (0—100 uM). The fluorescence titration
spectra are presented in Fig. 3, while the corresponding numerical data calculated
by the Stern—Volmer and Scatchard equations are given in Table II.

As it was mentioned above, EthBr intercalates between adjacent base pairs
in the ct-DNA double helix, leading to the fluorescence enhancement.!® After
addition of an investigated compound, a decrease in the fluorescence emission
intensity of the ct-DNA-EthBr system will be observed if it substitutes EthBr and
intercalates into ct-DNA or if it binds to this system and forms a non-fluorescent
species.!9 As can be seen from Table II, the value of K5 constant for binding of
[Zn(ebpy)Cly] to the ct-DNA-EthBr system is significantly lower than that for
EthBr (Ka = 2x109 M1),32 being in accordance with its non-intercalative nature.
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This is also in accordance with the very low percentage of hypochromism of only
6% (Table II). On the other hand, the value of K constant for binding of
[Zn(ebpy)Cl] to the ct-DNA-Hoe system, with the order being 104, shows the
possibility of its interaction with ct-DNA via minor groove binding. In both
cases, the values of Ky constants indicate that the mechanism of fluorescence
quenching is static.32

a) c(complex) =0 — 100 pM, PBS (pH = 7.4)
[EthBr] = 10 pM, [DNA] = 100pM
100 /

| P
g 8% 10 -
wi /)'

i -

b A

‘_:f 60 & .

3 = A

Z o

E 10 +

Lt 20 9.0E-06 49E-05 8IE-08
K] P [EthBr] = 10 pM c(complex) / mol dm-

0 v
525 575 625 675 725 5/ nm
b)
g .
s 600 —
= r
" -
< o
3 400 el
:: -
E
g
4 200 490E 05 S0E08
E c(complex) / mol dm-*
0

360 410 460 510 560 »/nm

Fig. 3. Fluorescence emission spectra of: a) ct-DNA—EthBr and b) ct-DNA—-Hoe systems in
the presence of an increasing concentration of [Zn(ebpy)Cl,]. The red arrows show the
changes of fluorescence intensity after the adding the zinc(Il) complex. Stern—Volmer

plots of Fy/F vs. c(complex) are also inserted.

The non-intercalative nature and minor groove binding of [Zn(ebpy)Cl,]
were confirmed by docking calculations using a double stranded
d(CpGpCpGpApApTpTpCpGpCpG) dodecamer (Fig. 4). Molecular docking
results indicate that minor groove binding is the most stable binding mode for
[Zn(ebpy)Cl,]. The binding energy (or docking affinity) of the complex for the
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model dodecamer is —6.7 kcal* mol~1. The [Zn(ebpy)Cl,] does not intercalate
into base pairs. Its docking mode is not stabilized by n—mr stacking interactions,
but only by long distance, rather weak coulombic interactions between the Zn(II)
ion and the negatively charged phosphates in the DNA backbone.

TABLE II. Values of binding constants of [Zn(ebpy)Cl,] with ct-DNA in the presence of
EthBr and Hoe

Binding structure K, / 102 M"! Hypochromism, % K, /10" M1st K,y /M1 n
ct-DNA-EthBr 5.87£0.01 6.1 0.587 67.6 0.77
ct-DNA-Hoe 14.8+0.1 12.2 1.48 1.09x10* 1.22

Fig. 4. Space-filling model of computer-gener-
ated lowest energy binding pose of [Zn(ebpy)Cl,]
with DNA (d(CpGpCpGpApApTpTpCpGpCpG)
dodecamer sequence).

CONCLUSION

We have shown that the reaction between equimolar amounts of 4-ethynyl-
-2,2’-bipyridine (ebpy) and ZnCl, in ethanol leads to the formation of mononuc-
lear zinc(Il) complex, [Zn(ebpy)Cl,]. The crystallographic results revealed that
this complex has a slightly distorted tetrahedral geometry with ebpy being
bidentately coordinated to the Zn(II) ion, while the remaining two sites are
occupied by chlorido ligands. The synthesized [Zn(ebpy)Cly] complex has an
affinity to bind to BSA reversibly, while toward ct-DNA, it behaves as a minor
groove binder. Considering the biological importance of zinc(Il) complexes and
their potential application as metal-based therapeutics, further studies will be
aimed on the investigation of antimicrobial and antiproliferative activities of the
presently synthesized zinc(Il) complex and its structural analogues.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12428, or from the corres-
ponding author on request. CCDC 2266337 contains the supplementary crystallographic data
for this article. These data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via https://www.ccdc.cam.ac.uk/structures/.
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U3BOJ
CTPYKTYPA ¥ UCIIUTUBAILE DNA/BSA HHTEPAKIIMJA KOMITJIEKCA TMHKA(II) CA
4-ETUHWII-2,2’-BUITUPUIVHOM

THUHA I1. AHIPEJEBUR', JAPKO II. ALIAHUH?, AURELIEN CROCHET?, HEBEHA Jb. CTEBAHOBUR,
WMBAHA BYYEHOBUR*, FABIO ZOBI®, MWJIOII H. BYPAH® u BUBAHA B. [JIUILIUK!
"Ynusepsumeim y Kpaiyjesuy, Ipupogho—mamemamuury Qaxynimen, HHCIWUTY T 3a XeMujy, P.
Tomanosuha 12, 34000 Kpaiyjesay, *Ynusepsuiiew y Kpaiyjesuy, HHCIuUy i 3d unpopmayuome
wexnonoiuje Kpaiyjesauy, Jetiapuiman 3a Upupogro-maitiemamiuuxe nayxe, Josana Lisujuha 66, 34000
Kpaiyjesay, *University of Fribourg, Department of Chemistry, Chemin du Musée 9, CH-1700 Fribourg,
Switzerland, *Ynugepsuiueini y Huwy, IToswoiipuspegru paxyniuein Kpywesay, Kocanuuhesa 4, 37000
Kpywesay, u °Cpiicka axagemuja nayxa u ymewnocmu, Knes Muxaunosa 35, 11000 Beoipag

Y 0BOM pafy, CHHTETHCAH je W MPUMEHOM crektpockonckux (‘H-NMR, IR u UV-Vis)
MeTofla U MepemeM MOoJIapHe IPOBOIJBUBOCTH OKapakTepucaH koMiuiekc nuHka(1l) ca 4-etu-
Hu-2,2'-dunupunuHoM (ebpy), [Zn(ebpy)Clz]. KpucranHa crpykrypa [Zn(ebpy)Clz] xom-
iekca je ogpehena nmpumeHom gudpaxuyje X-3paka ca MOHOKpHCTala, IpU 4eMy Cy HOOH-
jenu kpucranorpadCky Mofaluy NOTBPAWIH Ja ce ebpy nurani OUIeHTaTHO KOOPAMHY]€e 3a joH
MeTasla ITPEKo fiBa aTOMa asoTa, JOK NpeocTana ABa KOODAMHALMOHA MECTa 3ay3HMajy IBa
XJIOPHIO JUranaa. Y uuby ofpehuBama peakTHBHOCTH CHHTETHCAHOT KoMItekca nuHKa(II) ca
OMOIOIIKY 3HaYajHUM MOJIEKY/IMMA, UCTIUTHBAHE CY lerope uHTepakuuje ca JHK monexynom
TMyca Teneta (ct-DNA) u anbymunom roseher cepyma (BSA) mpumeHom diryopeciieHTHe
eMHcHoHe criekTpockonuje. Ha ocHOBY 100MjeHUX CIEKTPOCKOICKUX pe3ysTaTa, MOXe Ce 3a-
K/pyuuTH fia ce [Zn(ebpy)Clz] xoMIuiekc peBep3suOWIHO Besyje 3a BSA, HOK KOMIETHTHBHO
HCIIMTHBakEe Be3nBamwa eTHaHjym-Opomupa (EthBr) u Hoechst 33258 (2'-(4-xuppoxcude-
HUN)-5-[5-(4-MeTunnunepasuH-1-uwn)deH3uMunas3o-2-uil-6eH3uMUa3oN) ykasyje ma ce
uuHK(I1) xomMmiekc Be3yje 3a ct-DNA mpeko masor xieda, WTO je y ckaamy ca pesyjaTaTuma
MOJIEKYJICKOT JOKOBama.

(ITpumibeHo 5. jyHa, peBuaupaHo 22. jyHa, npuxsaheno 8. centemdpa 2023)

REFERENCES

1. S. Frassinetti, G. L. Bronzetti, L. Caltavuturo, M. Cini, C. Della Croce, J. Environ.
Pathol. Toxicol. Oncol. 25 (2006) 597
(https://dx.doi.org/10.1615/JEnvironPatholToxicolOncol.v25.i3.40 )

2. J. Burgess, R. H. Prince, in Encyclopedia of Inorganic Chemistry, John Wiley & Sons,
Ltd., New York, 2006 (https://dx.doi.org/10.1002/0470862106.i1a260 )

3. J. Osredkar, N. Sustar, J. Clin. Toxicol. S3 (2011) 495 (https://doi.org/0.4172/2161-
0495.83-001)

4. B.K.Y. Bitanihirwe, M. G. Cunningham, Synapse 63 (2009) 1029
(https://doi.org/10.1002/syn.20683)

5. A.S. Prasad, F. W. J. Beck, D. C. Snell, M. Kucuk, Nutr. Cancer 61 (2009) 879
(https://doi.org/10.1080/01635580903285122)

6. H. Vahrenkamp, Dalton Trans. (2007) 4751 (https://doi.org/10.1039/B712138E)

7. S.N. Sovari, F. Zobi, Chemistry 2 (2020) 418
(https://doi.org/10.3390/chemistry2020026)

8. M. Pellei, F. Del Bello, M. Porchia, C. Santini, Coord. Chem. Rev. 445 (2021) 214088
(https://doi.org/10.1016/j.ccr.2021.214088)



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

ZINC(II) COMPLEX WITH 4-ETHYNYL-2,2’-BIPYRIDINE l 3 05

Y. Yoshikawa, H. Yasui, Curr. Top. Med. Chem. 12 (2012) 210
(https://doi.org/10.2174/156802612799078874)

G. Psomas, Coord. Chem. Rev. 412 (2020) 213259
(https://doi.org/10.1016/j.ccr.2020.213259)

Q. Zhou, T. W. Hambley, B. J. Kennedy, P. A. Lay, P. Turner, B. Warwick, J. R. Biffin,
H. L. Regtop, Inorg. Chem. 39 (2000) 3742 (https://doi.org/10.1016/10.1021/ic9914771i)
T. P. Andrejevié, I. Aleksic, J. Kljun, B. V. Pantovi¢, D. Milivojevic, S. Vojnovic, L.
Turel, M. L. Djuran, B. B. Glisi¢, Inorganics 10 (2022) 71
(https://doi.org/10.3390/inorganics10060071)

J. Rossier, D. Hauser, E. Kottelat, B. Rothen-Rutishauser, F. Zobi, Dalton Trans. 46
(2017) 2159 (https://doi.org/10.1039/C6DT04443C)

J. Rossier, J. Delasoie, L. Haeni, D. Hauser, B. Rothen-Rutishauser, F. Zobi, J. Inorg.
Biochem. 209 (2020) 111122 (https://doi.org/10.1016/j.jinorgbio.2020.111122)

N. Zabarska, D. Sorsche, F. W. Heinemann, S. Glump, S. Rau, Eur. J. Inorg. Chem. 2015
(2015) 4869 (https://doi.org/10.1002/ejic.201500630)

0. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. Puschmann, J. Appl.
Crystallogr. 42 (2009) 339 (https://doi.org/10.1107/S0021889808042726)

G. M. Sheldrick, Acta Crystallogr., A 71 (2015) 3
(https://doi.org/10.1107/S2053273314026370)

G. M. Sheldrick, Acta Crystallogr., C 71 (2015) 3
(https://doi.org/10.1107/S2053229614024218)

P. Smolenski, C. Pettinari, F. Marchetti, M. F. C. Guedes da Silva, G. Lupidi, G. V. B.
Patzmay, D. Petrelli, L. A. Vitali, A. J. L. Pomberio, /norg. Chem. 54 (2015) 434
(https://doi.org/10.1021/ic501855k)

D. S. Raja, N. S. P. Bhuvanesh, K. Natarajan, /norg. Chem. 50 (2011) 12852
(https://doi.org/10.1021/ic2020308)

C. A. Puckett, J. K. Barton, J. Am. Chem. Soc. 129 (2007) 46
(https://doi.org/10.1021/ja0677564)

R. Bera, B. K. Sahoo, K. S. Ghosh, S. Dasgupta, Int. J. Biol. Macromol. 42 (2008) 14
(https://doi.org/10.1016/j.ijbiomac.2007.08.010)

K. Schindler, Y. Cortat, M. Nedyalkova, A. Crochet, M. Lattuada, A. Pavic, F. Zobi,
Pharmaceuticals 15 (2022) 1107 (https://doi.org/10.3390/ph15091107)

H. R. Drew, R. M. Wing, T. Takano, C. Broka, S. Tanaka, K. Itakura, R. E. Dickerson,
Proc. Natl. Acad. Sci. U.S.A. 78 (1981) 2179 (https://doi.org/10.1073/pnas.78.4.2179)
O. Trott, A. J. Olson, J. Comput. Chem. 31 (2010) 455 (https://doi.org/10.1002/jcc.21334)
G. M. Morris, R. Huey, W. Lindstrom, M. F. Sanner, R. K. Belew, D. S. Goodsell, A. J.
Olson, J. Comput. Chem. 30 (2009) 2785 (https://doi.org/10.1002/jcc.21256)

L. Yang, D.R. Powell, R. P. Houser, Dalton Trans. (2007) 955
(https://doi.org/10.1039/B617136B)

F. H. Allen, Acta Crystallogr.,B 58 (2002) 380
(https://doi.org/10.1107/S0108768102003890)

I. Ali, W. A. Wani, K. Saleem, Synth. React. Inorg. Met.-Org. Chem. 43 (2013) 1162
(https://doi.org/10.1080/15533174.2012.756898)

T. P. Andrejevi¢, B. Warzajtis, B. . Glisi¢, S. Vojnovic, M. Mojicevic, N. L.
Stevanovi¢, J. Nikodinovic-Runic, U. Rychlewska, M. I. Djuran, J. Inorg. Biochem. 208
(2020) 111089 (https://doi.org/10.1016/j.jinorgbio.2020.111089)

V. T. Yilmaz, C. Icsel, J. Batur, S. Aydinlik, M. Cengiz, O. Buyukgungor, Dalton Trans.
46 (2017) 8110 (https://doi.org/10.1039/c7dt01286a)



1306 ANDREJEVIC et al.

32.

33.

34.

35.

Y. Shi, C. Guo, Y. Sun, Z. Liu, F. Xu, Y. Zhang, Z. Wen, Z. Li, Biomacromolecules 12
(2011) 797 (https://doi.org/10.1021/bm101414w)

O. H. Laitinen, V. P. Hytonen, H. R. Nordlund, M. S. Kulomaa, Cell. Mol. Life Sci. 63
(2006) 2992 (https://doi.org/10.1007/s00018-006-6288-z)

A. K. Ghose, V. N. Viswanadhan, J. J. Wendoloski, J. Comb. Chem. 1 (1999) 55
(https://doi.org/10.1021/cc9800071)

C. A. Lipinski, F. Lombardo, B. W. Dominy, P. J. Feeney, Adv. Drug Deliv. Rev. 23
(1997) 3 (https://doi.org/10.1016/S0169-409X(96)00423-1).



Journal of
the Serbian
Chemical Society

JSCS@tmf.bg.ac.rs * www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 88 (12) S371-S374 (2023) Supplementary material

SUPPLEMENTARY MATERIAL TO
Structure and DNA/BSA binding study of zinc(II) complex with
4-ethynyl-2,2’-bipyridine
TINA P. ANDREJEVIC!, DARKO P. ASANIN2, AURELIEN CROCHET3, NEVENA LJ.

STEVANOVIC!, IVANA VUCENOVIC#, FABIO ZOBP, MILOS I. DJURANS
and BILJANA D. GLISIC'*

!University of Kragujevac, Faculty of Science, Department of Chemistry, R. Domanoviéa 12,
34000 Kragujevac, Serbia, >University of Kragujevac, Institute for Information Technologies
Kragujevac, Department of Science, Jovana Cviji¢a bb, 34000 Kragujevac, Serbia,
3University of Fribourg, Department of Chemistry, Chemin du Musée 9, CH-1700 Fribourg,
Switzerland, University of Nis, Faculty of Agriculture KruSevac, Kosanciceva 4, 37000
Krusevac, Serbia and >Serbian Academy of Sciences and Arts, Knez Mihailova 35, 11000
Belgrade, Serbia

J. Serb. Chem. Soc. 88 (12) (2023) 1293-1306
TABLE OF CONTENTS
Analytical data S2

Fig. S-1. The parts of 'H NMR spectrum of [Zn(ebpy)Cl5] S2
measured in DMSO-dg in comparison to that of ebpy.

Fig. S-2. Time-dependent 'H NMR spectra of [Zn(ebpy)Cl5]
measured in DMSO-dg at ambient temperature over 48 S3
h.

Fig. S-3. UV-Vis spectra of [Zn(ebpy)Cl,] measured in DMSO
right after its dissolution and after 48 h standing at S3
ambient temperature.

TABLE S-I. Details of the crystal structure determination of S4
[Zn(ebpy)Cly]

TABLE S-1I. Selected bond distances (A) and valence angles (°) in S4
[Zn(ebpy)Cly]

* Corresponding author. E-mail: biljana.glisic@pmf.kg.ac.rs

S371



S372 ANDREJEVIC et al.

ANALYTICAL DATA FOR EBPY LIGAND AND THE COMPLEX

Anal. Calcd. for C{,HgN, (MW 180.21): C, 79.98; H, 4.47; N, 15.55 %. Found: C, 79.82; H,
4.52; N, 15.68 %. '"H NMR (200 MHz, DMSO-dj): 6 = 4.69 (s, 1H, CCH), 7.52 (m, 2H, C5H
and C5’H), 7.98 (dd, J = 8.6, 6.9 Hz, 1H, C4’H), 8.39 (d, J = 6.9 Hz, 2H, C3H and C3’H),
8.72 (d, J = 5.0 Hz, C6H and C6’H) ppm. IR (KBr, v, cm'!): 3224m (V(Caiiyne—H)), 3059w,
3029w, 3011w (v(C,—H)), 2108m (v(C=C)), 1584vs, 1564m, 1540s, 1457vs (v(C,=C,,) and
V(Cy=N)), 794s (v(Cy—H)), 626m (V(Cyjyne—H)). UV-Vis (DMSO, A,y nm): 283 (¢ = 1.0 x
10* Mt em™), 308 (sh, e =5.3 x 103 M~ cm™). Ay (DMSO): 1.50 Q Tem?mol 1.

Anal. Calcd. for C,HgClLN,Zn (MW 316.47): C, 45.54; H, 2.55; N, 8.85 %. Found: C,
45.41; H, 2.52; N, 8.92 %. 'H NMR (200 MHz, DMSO-d,): 6 = 4.84 (s, 1H, CCH), 7.67 (m,
2H, C5H and C5°H), 8.12 (¢, J = 7.4 Hz, 1H, C4’H), 8.57 (s, 2H, C3H and C3°H), 8.72 (d, J =
4.8 Hz, C6H and C6°H) ppm. IR (KBr, v, cm™!): 3215s (V(Caikyne—H)), 3114w, 3080w, 3057w
(V(C,—H)), 2109m (v(C=C)), 1604vs, 1571w, 1542m, 1480m, 1440s, 1406s (v(C,=C,,) and
V(Cy=N)), 7925 (7(CyH)), 623m (Y(Cyjeyne—H)). UV-Vis (DMSO, Ay, nm): 283 (¢ = 9.3 x
103 M~ em™), 308 (sh, e = 4.8 x 103 M~ cm™). Ay (DMSO): 4.82 Q 'em?mol 1.
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Fig. S-1. The parts of 'H NMR spectrum of [Zn(ebpy)Cl,] measured in DMSO-d; in
comparison to that of ebpy.
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Fig. S-2. Time-dependent 'H NMR spectra of [Zn(ebpy)Cl,] measured in DMSO-d; at
ambient temperature over 48 h.
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Fig. S-3. UV-Vis spectra of [Zn(ebpy)Cl,] measured in DMSO right after its dissolution and
after 48 h standing at ambient temperature.
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TABLE S-1. Details of the crystal structure determination of [Zn(ebpy)Cl,]

[Zn(ebpy)Cly]
Empirical formula C,HgCl,N»Zn
Molecular weight 316.47
Crystal system, space group monoclinic, P2,/m
a(A) 7.9738(7)
b (A) 7.2991(8)
c(R) 11.0462(10)
L) 98.749(7)
Vv (A3) 635.43(11)
Fooo 316
Z 2
X-radiation, 1 /A Mo-K, 0.71073
data collect. temperat. / K 250(2)
Calculated density (g cm™) 1.654
Absorption coefficient (mm™) 2.329
Crystal size (mm?) 0.19 x 0.143 x 0.08
20range (°) 3.73 to 52.644
index ranges 4, k, [ 9..9,-9..9,-13...13
No. of collected and independent reflections 5319, 1363
Rin 0.0361
Data / restraints / parameters 1363/0/ 100
Goodness-on-fit on F? 1.079
Final R indices [/ > 26({)] 0.0280, 0.0660
Final R indices (all data) 0.0332, 0.0702
Difference density: max, min (e A-3) 0.27,-0.33
CCDC number 2266337

TABLE S-1I. Selected bond distances (A) and valence angles (°) in [Zn(ebpy)Cl,]

[Zn(cbpy)CL]

Znl—NI1 2.045(3)

Znl—N2 2.048(3)

Znl—Cll 2.1981(7)
Cll—Zn1—Cll 116.77(4)
N1—Znl—CIli 113.93(3)
N1—Znl—Cll 113.93(3)
N1—Znl—N2 80.46(10)
N2—Znl—Cl1i 113.25(3)
N2—Znl—Cll 113.25(3)
Cl—N1—Znl 126.5(2)
C5—N1— Znl 114.5(2)
C6—N2— Znl 114.2(2)
C10—N2— Znl 126.8(2)

Symmetry code: (i) x, 1/2-y, z
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Abstract: Three Schiff base Cu(Il) complexes, (N,N -bis(acetylacetone)propyl-
enediimine)copper(Il) complex, [Cu(acac,pn)] (1), (N,N'-bis-(benzoylacet-
one)propylenediimine)copper(Il) complex, [Cu(phacac,pn)] (2) and (V,N -bis-
-(trifluoroacetylacetone)propylenediimine)copper(Il) complex, [Cu(tfacac,pn)]
(3), were used to investigate the interactions with calf thymus DNA (ct-DNA)
and bovine serum albumin (BSA) using the electronic absorption and spectro-
scopic fluorescence methods. UV—Vis absorption studies showed that studied
complexes interact with DNA molecule and exhibit moderate binding affinity.
Fluorescence studies of complexes 1-3 also showed a possibility for DNA int-
ercalation as well as a relatively high binding ability toward BSA. Among the
tested complexes, the highest affinity for DNA and BSA molecules was shown
by complex 1. Cytotoxic analyses, performed on human colorectal carcinoma
HCT-116 and healthy lung fibroblast MRC-5 cell lines, showed that complex 2
exhibited activity on both cell lines, while complexes 1 and 3 did not show any
activity.

Keywords: antitumor; mechanism; cell line; biomolecule; affinity; drug design.

INTRODUCTION
Inorganic medicinal chemistry is an extensive interdisciplinary field in
which main research areas is focused on the design and synthesis of transition
metal ion complexes as new anticancer agents. Within the transition metals,

* Corresponding author. E-mail: biljana.petrovic@pmf.kg.ac.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/I1SC230614063M
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redox-active copper is of particular interest because it is endogenous to humans
and has a strong affinity for nucleobases. Copper(Il) complexes have shown
remarkable potential due to their antimicrobial, anti-inflammatory and cytotoxic
activities.!4

Schiff bases are good chelating agents that are popular among the res-
earchers because of their simple and inexpensive synthesis. Some fine-tuning of
molecular electronic properties makes Schiff bases extremely attractive for the
development of pharmacological agents.5-¢ Besides the fact that many transition
metal ion complexes containing Schiff bases have shown excellent anticancer
activity, the anticancer activity of some Schiff bases increases when they are
used as ligands.5~10 Certain Schiff base Cu(Il) complexes showed potent cyto-
toxic activity against human colorectal and breast cancer cells. !1-14

The primal intracellular target for most anticancer drugs is the DNA mole-
cule.15:16 Therefore, when developing new anticancer drugs, it is crucial to deter-
mine the compounds interactions with DNA under physiological conditions.
Transition metal ion complexes interact with DNA via covalent or non-covalent
interactions (intercalation, groove binding, and electrostatic interactions). In
addition to DNA, transition metal complexes can also interact with some pro-
teins. Serum albumin proteins are essential for the transport and delivery of phar-
maceutical agents to tissues and cells.!7-18 Considering this, the study of the
interactions of anticancer agents with albumin provides valuable information
about the structural features of the agents and their pharmacological response.
Originally, it was believed that only DNA-binding properties were relevant for
determination of the anticancer activity of agents. However, protein binding
properties are essential for the pharmacokinetics and pharmacodynamics of
drugs.18 Generally, noncovalent binding is the most important binding mode for
anticancer drug-protein interactions.

This work aimed to study the DNA/BSA interactions of three structurally
similar Cu(Il) complexes (Fig. 1) in which copper(Il) ion is coordinated to two
nitrogen and two oxygen donor atoms.!9-2! The influence of different substi-

—N, N=— —N_ N— N, N=—
R . NS
\ JCu” / \ Cu” / Cu /
7% S0 7 e
o ©o o o o 0
FiC CF;
2

1 3
[Cu(acac2pn)] [Cu(phacac2pn)] [Cu(tfacac2pn)]
Fig. 1. Structures of the studied Cu(I) complexes.
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tuents on the activity of complexes was determined. These studies were carried
out using calf thymus DNA (ct-DNA) and bovine serum albumin (BSA). The
work also shows the results of the in vitro cytotoxic assay against human colo-
rectal carcinoma cells HCT-116, which are compared with the effects on healthy
human MRC-5 fibroblast cells of the human pleura.

EXPERIMENTAL
Materials and methods

The complexes, (N,N’-bis(acetylacetone)propylenediimine)copper(Il) complex,
[Cu(acac2pn)] (1), (N,N-bis-(benzoylacetone)propylenediimine)copper(ll) complex,
[Cu(phacac,pn)] (2) and (N,N’-bis-(trifluoroacetylacetone)propylenediimine)copper(Il) com-
plex, [Cu(tfacac,pn)] (3), were synthesized according to the previously published proce-
dures.!®2! The obtained complexes were characterized by UV-Vis, IR and mass spectrometry
(LTQ Orbitrap XL), Figs. S-1-S-5 of the Supplementary material to this paper. Acetylacetone
was obtained from Merck. Phosphate buffer (PBS) were obtained from Fluka. Ethanol abso-
lute anhydrous, chloroform and dichloromethane were obtained from Carlo Erba. Copper(Il)
acetate hydrate was obtained from Kemika, Zagreb. Bovine serum albumin (BSA), calf
thymus DNA (ct-DNA), ethidium bromide (EB) and 1,2-diaminoethane (en) were purchased
from Sigma-—Aldrich and were used as received without further purification. For in vitro expe-
riments all reagents were of the molecular biology grade. Dulbecco’s modified eagle medium
(DMEM) and phosphate-buffered saline (PBS) were obtained from GIBCO, Invitrogen, USA.
Fetal bovine serum (FBS) and trypsin-EDTA were from PAA (The Cell Culture Company,
Pasching, Austria). Water was of Millipore quality and it was autoclaved before use in any
experiments. All other chemicals were of the highest purity, commercially available, and were
used without further purification.

Instrumentation

Perkin-Elmer Lambda 25 double-beam spectrophotometer with a 3.0 mL quartz cuvette
and 1.0 cm path length was used for the recording of UV—Vis spectra. ct-DNA solutions were
prepared by dissolving the commercially obtained ct-DNA in PBS, with a ratio of the absorb-
ances at 260 and 280 nm between 1.8-1.9, indicating that ct-DNA was adequately free of pro-
tein.

Concentration of the ct-DNA solution was determined using 4,4 with & = 6600 M! cm! 2223
RF-1501 PC spectrofluorometer was used to record fluorescence spectra in the range 550-750
nm. Fluorescence intensity was measured at an excitation wavelength of 527 nm and emission
wavelength of 612 nm. For all experiments the slit widths for excitation and emission (10 nm
each) and scan rate were kept constant. Spectrophotometric analyses of cell cytotoxicity were
conducted on Multiskan SkyHigh UV/Vis spectrophotometer (ThermoFisher Scientific).

DNA-binding studies

UV—-Vis spectroscopy studies. The interactions of studied complexes with ct-DNA were
examined using UV—Vis spectroscopy in order to determine the possible binding modes. The
intrinsic equilibrium binding constants, Ky, were determined using Eq. (S-1), Supplementary
material. DNA binding experiments were performed at room temperature and all absorbance
measurements were made in a buffered solution (0.01 M PBS, pH 7.4). The series of solutions
containing studied complexes and DNA were prepared by mixing a constant concentration of
complex solutions (8 M) with an increase of DNA concentration from 0 to 40 pM.
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Fluorescence quenching studies. Fluorescence spectroscopy was also used to study the
interactions of studied complexes with ct-DNA. For fluorescence determination the complex—
—DNA solutions were prepared by mixing constant DNA—EtBr solutions (DNA EtBr ratio was
1:1) with different concentrations of Cu(II) complex. Concentration of DNA was 25 pM,
ethidium bromide (EtBr) was 25 uM while complex concentrations varied from 0 to 50 pM.
The system was shaken and incubated at room temperature for 5 minutes before measurement.
Stern—Volmer equation (Eq. (S-2)) was used to calculate the fluorescence quenching constant
K.

BSA-binding studies. Solutions of complexes 1-3 and BSA (2 uM) were prepared in 0.01
M phosphate buffer solution. During the fluorescence quenching experiments, the concen-
tration of BSA was kept constant. The quenching of the emission intensity of the tryptophan
residues in the BSA at 352 nm was followed using complexes 1-3 as quenchers with inc-
reasing concentration in the range of 0-30 uM. The fluorescence spectra were recorded in the
range of 300-500 nm at an excitation wavelength of 295 nm. The data of the binding of Cu(Il)
complexes were analyzed using the Stern—Volmer equation. Observed diagrams were used to
confirm the interactions of the complexes with albumin and to calculate the corresponding
constants.

In vitro cell cytotoxicity analyses

The HCT-116, colorectal carcinoma cell line, and MRC-5, healthy lung fibroblast cell
line, were cultured in Dulbecco’s modified eagle medium (DMEM) supplemented with 10 %
fetal bovine serum (FBS), 100 IU/mL penicillin and 100 pg/mL streptomycin. For in vitro
cytotoxicity analyses, 10% cells per well in 96-well microtiter plates were seeded overnight
and treated with complexes for 24 and 72 h. After treatment incubation, the cell viability was
estimated by standard MTT assay, briefly described in our previous studies.?*%

RESULTS AND DISCUSSION
DNA-binding studies

The DNA molecule has long been recognized as a main binding target in the
human body for the transition metal ion complexes exhibiting anticancer activity.
Consequently, the first step when examining the mechanism of action of different
transition metal ion complexes is usually the investigation of their affinity for
DNA binding.26-28 Electronic absorption spectroscopy is a commonly used
method for verifying the extent and nature of the binding between the metal
complexes and the DNA molecule. The absorption intensity of the complexes can
decrease (hypochromism) or increase (hyperchromism) upon addition of the
DNA, with a slight shift in absorption wavelength, indicating an interaction
between complexes and DNA.28 Within this work, the interactions of complexes
1-3 with ct-DNA were examined using UV—Vis titrations. During the titration,
the concentrations of complex solutions were kept constant (8 pM; PBS) while
the concentrations of ct-DNA solution were increasing (0—40 uM). The equilib-
rium binding constants, Ky, were calculated using Eq. (S-1). Fig. 2 shows the
changes in the UV-Vis spectra of complex 1 in the presence of the increasing
ct-DNA concentrations. The observed results for complexes 2 and 3 are shown in
Fig. S-6 of the Supplementary material.
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Fig. 2. UV—Vis titration spectra of 8§ pM solution of complex 1 in 0.01 M PBS with the
addition of the increasing ct-DNA concentration (040 pM). Arrow shows hyperchromism in
the spectral band. Inset: plots of [DNA]/(e, — &p) vs. [DNA] for the titration of the complex 1
with ct-DNA; with m are shown the experimental data points and the full line represents the
exponential fitting of the data.
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Addition of the ct-DNA solution to the solution of the studied complexes
resulted in an intensity increase of the spectra shown in Figs. 2 and S-6 with a
slight shift of the maximum peak (2-3 nm red shift). These observations indicate
a moderate ability of the studied complexes to interact with ct-DNA, probably by
external contact.29 The intrinsic binding constants for DNA interactions of the
complexes were calculated using Eq. (S1) and listed in Table 1. The order of the
reactivity for the complexes is 1 > 3 > 2. Complex 1 has the highest value of K}
constant in the order of 104, while the other two complexes have similar values in
the order of 103, indicating a moderate possibility for DNA interactions.

TABLE I. The obtained K}, and K, constant values for DNA and BSA interactions of com-
plexes 1-3

ot ct-DNA BSA
ompiex K,/ 105 M1 K, /103 M-I K.,/ 10% M1

1 30%1 21201 3.620.1

2 2.7+0.1 2.9+0.1 1.840.1

3 4.40.1 2.7+0.1 12+0.1

The fluorescence spectroscopic method is the most accurate and reliable
method for studying the relative binding of small molecules to DNA. It is usually
used to accurately determine if intercalation is the binding mode of complexes 1-
-3 toward ct-DNA. EtBr is a classical intercalator with significant fluorescence
emission intensity at 612 nm30 when bound to DNA. The changes observed in
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the spectra of EtBr—ct-DNA are often used to study the DNA binding affinity of
transition metal ion complexes. Namely, the quenching of the EtBr—ct-DNA
fluorescence emission occurs upon addition of a compound capable to intercalate
between the DNA strands displacing the EtBr from EtBr—ct-DNA. The fluores-
cence quenching curves of EtBr—ct-DNA in the absence and presence of the com-
plex 2 is shown in Fig. 3, and for complexes 1 and 3 in Fig. S-7 of the Supple-
mentary material. Addition of the increasing amounts (up to » = 1.0) of com-
plexes (0-50 uM) resulted in an intensity decrease of the emission band at 612
nm, indicating competition of the complexes with EtBr in binding toward DNA.
The obtained results indicate that complexes 1-3 displace EtBr from the aduct
DNA-EtBr, exhibiting the possibility for intercalation.31:32
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Fig. 3. Fluorescence titration spectra of EtBr—DNA (25 uM) in the presence of varying
amounts of complex 2 (phosphate buffer solution = 0,01 M, pH 7.4). The arrow shows
changes in fluorescence intensity upon increasing the concentration of complex (0-50 pM).
Inset: plots of 1,/1 vs. [Q]; with m are shown the experimental data points and the full line
represents the exponential fitting of the data.

The dynamic quenching constant, Ky, was determined from the slope of the
linear plots by Eq. (S-2). The calculated Ky, values are listed in Table I. Com-
plexes exhibited similar values of the quenching constant, indicating their moder-
ate efficiency in the replacement of the EtBr from EtBr—DNA adduct.

BSA-binding studies

As it was mentioned before, serum albumin plays an important role in the
transport and delivery of many pharmaceutical drugs to tissues and cells. Since
albumin is the most abundant protein in the bloodstream, the studies of the bind-
ing of different biologically active compounds to albumin provide very useful
information about their potential activity.33-34 The interactions of metal drugs
with proteins, related to the binding of complexes to albumin, are crucial for their
biological distribution, toxicity and even mechanism of action. Moreover, the
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binding of drugs to proteins can affect (either enhance or reduce) their biological
properties. BSA is intensively studied serum albumin due to its structural homo-
logy with human serum albumin (HSA). A BSA solution shows intense fluores-
cence emission at 352 nm when excited at 295 nm.35 Addition of complexes 1-3
to a BSA solution affects the BSA fluorescence spectra, Figs. 4 and S-8.

The observed quenching can be attributed to the changes in the tertiary struc-
ture of the protein after binding of complex. The values of the dynamic quench-
ing constant, Ky, and quenching constant, kq (M~! s~1) for the interaction with
BSA were derived according to the Stern—Volmer quenching equation (Eq. (S2))
and listed in Table 1.

1 o1
180 1 2
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140 4
=120 -
100 4
80 1 2 3
60
40
20 43
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300 325 350 375 400 425 450 475 500
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4
104[Q] M

Intensity (a

Fig. 4. Fluorescence titration spectra of BSA (2 uM) with different concentrations of complex

1 (phosphate buffer solution = 0,01 M, pH 7.4). Arrow shows the changes in the fluorescence

intensity upon increasing the concentration of complex (0-30 uM). Inset: Stern—Volmer plots
of the interaction of complex 1 with BSA.

The values presented in Table I are relatively high, suggesting that com-
plexes 1-3 interact better with BSA than with DNA. The highest constant was
determined for complex 1, while complexes 2 and 3 showed similar values. The
higher affinity of complexes 1-3 for the BSA molecule can also be seen from
Fig. 5, which compares the Ky values for the interactions with ct-DNA and BSA.
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Fig. 5. Comparison of the obtained Ky, values for the interactions of complexes 1-3 with BSA
and with ct-DNA.

The highest constant was determined for complex 1, while the lowest was
for complex 3. Considering this, the greatest reactivity is shown by a complex
that has two methyl groups in its structure while the lowest was shown by com-
plex that has two CF3 groups in the structures. Based on the obtained results it
can be concluded that the binding of complexes strongly depends on steric effects
of voluminous phenyl group as well as on electronic effects of CF3 groups. Pre-
viously published results with similar Cu(Il) complexes that differ in structure
only by the ethylenediamine-bridge part, showed slightly higher reactivity to
HSA, than the examined complexes to BSA with a similar order of reactivity.3¢

Cytotoxicity of the complexes 1-3

The observed results of the interactions of complexes 1-3 with DNA suggest
that cells surviving treatment with these chemicals may be affected. Considering
this, cancer cells and healthy cells were treated, and the results of cell viability
are shown in Figs. S-9-S-14 and in Table II.

TABLE II. Cytotoxicity results (/Csy / uM) of the investigated Cu(Il) complexes on HCT-116
and MRC-5 cells

HCT-116 MRC-5
Complex Time, h Time, h
24 72 24 72
1 >500 >500 >500 187.88
2 346.41 168.25 90.94 78.01
3 >500 >500 >500 >500

The complexes decreased cell viability in a concentration- and time-depend-
ent manner. Complex 2 exerted the strongest effect on HCT-116 cells with an
1Csq value of 168.25 uM at 72 h. Complexes 1 and 3 exerted no cytotoxic
effects. On the other hand, in MRC-5 cells, we observed that complexes 2 red-
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uced cell viability the most, complex 1 induced moderate effect, while complexes
3 had no effect.

CONCLUSION

Based on the results obtained by examining the interactions of complexes 1—
-3 with DNA and BSA molecules, it was found that they interact with ct-DNA
molecule in a moderate manner. Moreover, the studied complexes showed good
quenching of BSA fluorescence and good binding ability to this protein with rel-
atively high binding constants. Among the tested complexes, the highest affinity
for DNA and BSA molecules was shown by complex 1, which has two methyl
groups in the structure of the ligand. Cytotoxicity tests showed that complex 2
exerted the strongest effect on HCT-116 cells. These results could contribute to a
better understanding of the interactions of novel transition metal ion complexes
with biologically important molecules, such as DNA and proteins. In addition,
this study could provide useful information as a basis for the design of new mole-
cules with desired biological activities.
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H3BOI
IOHK/BSA UHTEPAKIHJE U HUTOTOKCUYHOCT KOMITIEKCA BAKPA(II) CA
[MHP®OBHUM BASAMA KAO JIMTAHIHUMA

AJIEKCAHIIAP MUJATOBUR', AHTEJIMHA 3. JAKOBUR?, ATEKCAH/IAP JIOJIUR®, CHEXXAHA CPETEHOBUER!,
MAPKO H. )XUBAHOBWR®, IPATAHA C. [IIEKJIUR®, JOBAHA BOTOJECKH? 1 BUJbAHA B. [IETPOBUR?
'Ynugepsutmeii y Beoipagy — Pygapcxo—ieonowsu paxynime, Bywuna 7, 11000 Beoipag, *Ynugepsutiein y
Kpatyjesuy, [Tpupogro—mamemaiiuuxyu Gaxyniwend, P. Tomarnosuha 12, 34000 Kpaiyjesay, >Ynusep3uien y
Beoipagy, Xemujcxu paxyninem, Ciiygenwucku wpi 12—16, Beoipag, *Yiusepsuinei y Kpaiyjesuyy,
Meguyuncku paxyniiei, Ogcex 3a uniiepry meguyuny, C. Mapxosuh 69, 34000 Kpaiyjesay, u
*Yrueepsuiuew y Kpaiyjesuy, Hnciiuiilyinl 3a unopmavuone wexrooiuje Kpaiyjesay,

Josana Llsujuha 66, 34000 Kpaiyjesay,

Tpu xommnekca Cu(Il) jona ca Iudosum daszama kao nuraHguma, (N,N’-bis-(aueTui-
auetoH)nponwieHguumul)dakap(1l) komnnexc, [Cu(acaczpn)] (1), (N,N'-bis-(6ensoununaue-
TOH)mponuieHTUUMUH)0akap(1l) kommnekc, [Cu(phacaczpn)] (2), u (N,N’-bis-(6eH30HIHI-
anetoH)nponwienauiumuH)dakap(I1) xommnekc, [Cu(tfacaczpn)] (3) kopumheru cy 3a ucnu-
TUBawe UHTepakuuja ca JHK (ct-IHA) u rosehum cepym andymunom (BSA), xopucrehu
alCcoOpINLUOHY CeKTpodoTOMETPHjy U dinyopocuenunjy. Hcnurtusawa nomohy UV-Vis cnek-
TpodOTOMETpHje Cy MoKasala fa IpoydaBaHU KOMIUIEKCH NOKa3yjy yMepeHH a(UHUTET 3a
HHTepakuujy ca Monekyinom JHK. Pesyntatu ucnutuBama iayopecueHuyje kommiekca 1-3
Cy NoKasanu fa KOMIUIEKCH MMajy MoryhHocT uHTepkanauuje ca monexkyinom JTHK, xao u
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penaTUBHO BUCOKY CIIOCOOHOCT Be3uBama 3a BSA. Of cBuX nmpoyyaBaHUX KOMILIekca, Hajehu
adunuTeT 3a MHTepakuujy ca JHK u BSA noxasao je kommiexc 1. IJUTOTOKCHYHOCT KOM-
IJieKca UCNUTHBAHA je Ha helujckUM JIMHUjaMa JbyIOCKOT KolopeKTanHor kapuuHoma HCT-
-116 u Ha 3ppaBuM ¢ubpobdiactuma mayha MRC-5. Pe3ynrtaTu cy mokasaid Ja KOMIUIEKC 2
[I0Ka3yje akTUBHOCT Ha o0e henujcke 1uHYje, DOk Cy KOMIUIEKCH 1 U 3 HEAKTHUBHU.

(ITpumisero 14. jyHa, pesunupaso 18. jyna, npuxsaheno 8. centem&pa 2023)
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THE INTRINSIC EQUILIBRIUM BINDING CONSTANT FOR DNA STUDIES

[DNA] _ [DNA] | ! (Equation S-1)
Epn—&r & —& Ky /(e —ép)

To determine the intrinsic binding constant Ky, the ratio of the intercept of
the curve [DNA]/(ga - &) versus [DNA], where [DNA] is the DNA concentration
in base pairs and the slope was used. The apparent extinction coefficient € is
consistent with Agpse/[complex]. The extinction coefficients grand g, refer to the
unbound and fully bound complex, respectively.

STERN-VOLMER EQUATION FOR DNA AND BSA STUDIES

Stern-Volmer quenching constant, K, for DNA and BSA as well as the
quenching rate constant, k;,, for BSA were calculated using the Stern-Volmer
equation:

1 .
70 =1+K,,[Q] (Equation S-2)

In Equation S-2, the total concentration of the quencher is given by [Q],
while Iy describes the emission intensity in the absence of the quencher and the
emission intensity in the presence of the quencher is described by I.

* Corresponding author. E-mail: biljana.petrovic@pmf.kg.ac.rs
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Fig. S-1. UV-Vis spectra of studied complexes [Cu(acac2pn)] (1), [Cu(phacac2pn)] (2),
[Cu(tfacac2pn)] (3)
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Fig. S-2. IR spectra of studied complexes [Cu(acac2pn)] (1), [Cu(phacac2pn)] (2),
[Cu(tfacac2pn)] (3)
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Fig. S-7. Fluorescence titration spectra of EtBr-DNA and of EtBr (25 pM) bound to DNA (25
uM) in the presence of varying amounts of complexes 1 and 3 (phosphate buffer solution =
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Fig. S-9. Effects of 1 on HCT-116 cells, expressed as the complex concentations related to the
number of viable cells after 24 and 72 h of exposure.

140

120
100

80

60 ——24h
40
20

Viability, %

——72h

0,1 1 10 50 100 500
Concentration, uM

Fig. S-10. Effects of 2 on HCT-116 cells, expressed as the complex concentrations related to
the number of viable cells after 24 and 72 h of exposure.
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Fig. S-11. Effects of 3 on HCT-116 cells, expressed as the complex concentrations related to
the number of viable cells after 24 and 72 h of exposure.
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Fig. S-12. Effects of complex 1 on to MRC-5 cells, expressed as the complex concentrations
related to the number of viable cells after 24 and 72 h of exposure.
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Fig. S-13. Effects of complex 2 on to MRC-5 cells, expressed as the complex concentrations
related to the number of viable cells after 24 and 72 h of exposure.
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Fig. S-14. Effects of complex 3 on to MRC-5 cells, expressed as the complex concentrations
related to the number of viable cells after 24 and 72 h of exposure.
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Abstract: Organotin(IV) compounds show great potential as antitumor metal-
lodrugs with lower toxicity and higher antiproliferative activity. Histone deac-
etylases (HDAC) inhibitors are characterised by high bioavailability and low
toxicity. In this research, the two novel octahedral organotin(IV) complexes of
physiologically active hydroxamate-based ligands, N-hydroxy-4-phenylbutan-
amide (HL1) and N-hydroxy-2-propylpentanamide (HL2), have been prepared
and characterized using FTIR, 'H-, 13C- and ''°Sn-NMR spectroscopy. Partic-
ular emphasis was put on the binding characteristics of ligands. The structures
were additionally analysed by the density functional theory at B3LYP-D3BJ/6-
-311++G(d,p)(H,C,N,0)/LanL2DZ(Sn) level. The theoretical IR and NMR
spectra were compared to the spectroscopic data, and it was concluded that the
predicted structures described well the experimental ones. The stability of
different isomers of HL1 and HL2 was assessed by the natural bond orbital
analysis, and the importance of intramolecular hydrogen bond was outlined.
The interactions between donor atoms and Sn were investigated and correlated
with the changes in chemical shift and the wavenumbers of characteristic vib-
rations.
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INTRODUCTION

Histone deacetylases (HDACs) are key enzymes involved in the regulation
of various physiological cellular processes, such as transcription, by catalysing
the hydrolysis of the g-acetylated lysine chain in histones, but they are also being
increasingly implicated in tumorigenesis. It is proven that HDAC inhibitors could
elicit anticancer effects in tumour cells by their ability to impose cell cycle arrest,
differentiation, DNA damage, autophagy, and/or apoptosis.!-2 The traditional
HDAC inhibitors are divided into four main groups: i) hydroxamic acids or hyd-
roxamates, such as suberanilohydroxamic acid; ii) cyclic peptides, including
depsipeptide; iii) benzamides, e.g., chidamide; iv) short-chain fatty acids, includ-
ing butyric, 4-phenylbutanoic and valproic acid (Fig. 1).2 Previous studies have
shown that combining the bioavailability and low toxicity of short-chain fatty
acids with the bidentate binding ability of hydroxamates to the active site Zn2"
could be beneficial, resulting in analogues with enhanced potency (e.g., N-hyd-
roxy-4-phenylbutanamide) and/or altered HDAC isoform selectivity (e.g., N-hyd-

roxy-2-propylpentanamide).3-4
NZK( é

ZI

suberanilohydroxamic acid dipeptide FK228
H2N
chidamide valproic acid 4-phenylbutanoic acid

Fig. 1. Structures of HDAC inhibitors classes representatives.

Due to drug resistance, a broad spectrum of activity and toxicity-related
issues of platinum-based antitumor chemotherapeutics, numerous efforts have
been devoted to developing more effective non-platinum alternatives. Among
them, organotin(IV) complexes have emerged as potential antitumor metallo-
drugs due to lower toxicity, specifically targeted drug uptake by the cancerous
cells, higher antiproliferative activity, and/or better excretion properties than plat-
inum-based counterparts.>-¢ It has been shown that the number (mono-, di- or tri-)
and type of alkyl/aryl groups linked to the central tin atom, the nature of the org-
anic ligand, and the number of free coordination positions offered could play an
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important role in the antiproliferative action of the organotin(IV) compounds.” A
dozen of di- and tri-organotin(IV) complexes bearing different hydroxamic acids
as ligands were prepared and structurally characterised recently, and it was dis-
covered that some of them display potent cytotoxic and/or antimicrobial act-
ivities.2:8-10 Tin compounds can also be used as photo-stabilizers for poly(vinyl
chloride).!1-13

Thus, this work deals with the preparation and characterization (FTIR, 1H-,
13C- and 119Sn-NMR spectroscopy) of two new complexes 1 and 2 in which the
known biologically active hydroxamate-based ligands, N-hydroxy-4-phenylbut-
anamide (HL{) and N-hydroxy-2-propylpentanamide (HLjy), respectively, were
combined with an diphenyltin(IV) moiety (Scheme 1). The structure and spectro-
scopic properties of compounds 1 and 2 were additionally confirmed by the
quantum-chemical optimizations at B3LYP-D3BJ/6-311++G(d,p)(H,C,N,0)/
/LanL2DZ(Sn) level of theory. The intramolecular interactions governing the
stability were analysed by the natural bond orbital theory.

EXPERIMENTAL AND THEORETICAL METHODS
General methods

All commercially available chemicals and solvents were used as purchased without fur-
ther purification. Valproic acid was prepared via the standard malonate ester synthesis.!* The
identity and purity of the synthetic standard were confirmed by NMR and GC-MS analysis
(trimethylsilyl derivative).

'H-NMR (400 MHz; including '"H-NMR selective homonuclear decoupling experi-
ments), 3C-NMR, DEPT-90, DEPT-135, NOESY and gradient 'H-'"H COSY, HSQC and
HMBC spectra were recorded on a Bruker Avance Il 400 spectrometer (Bruker, Switzerland),
while 11Sn-NMR spectra were recorded on a Bruker Avance DRX 400 spectrometer. NMR
spectra were measured at 25 °C in deuterated chloroform (CDCly) and/or deuterated dimethyl
sulfoxide (DMSO-dg). Chemical shifts (d) given in ppm were referenced to tetramethylsilane
(TMS) and/or residual non-deuterated/deuterated solvent peak as an internal standard. IR mea-
surements (neat, attenuated total reflectance) were carried out on a Thermo Nicolet 6700 FTIR
instrument (Waltham, USA) and the vibration frequencies are reported in wavenumbers (cm™).
The elemental analyses were carried out in a Vario EL III elemental analyser (Elementar
Analysensysteme GmbH, Hanau, Germany) to determine C, H and N.

Analytical and spectral data of the synthesized compounds are given in Supplementary
material to this paper.

General procedure for preparation of hydroxamate ligand precursors

A slightly modified previously published procedure was applied.!> 4-Phenylbutanoic
acid and valproic acid were converted to the corresponding acid chlorides by SOCI, and used
without further purification. Et;N (19.5 mL, 0.14 mol) was added dropwise to precooled (0
°C) solution of NH,OHxHCI (9.7 g, 0.14 mol) in H,O (35.9 mL). Then the reaction mixture
was stirred at 0 °C for 30 min, following the addition of the solution of acid chloride (7 mmol)
in dry THF (14.4 mL). The reaction mixture was stirred for an additional 60 min and warmed
to room temperature. Layers were separated and the aqueous solution was extracted with
CH,Cl, (2x30 mL). The combined organic phases were dried with anhydrous MgSO, and
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concentrated in vacuo to give the corresponding hydroxamic acid. N-hydroxy-4-phenylbutan-
amide (HL{) and N-hydroxy-2-propylpentanamide (HL,) were obtained as colourless crystals
(in 34.5 and 45.7 % yield, respectively) and according to NMR analyses were sufficiently
pure to be used further without purification (see Supplementary material). NMR data for
ligands HL; and HL, were in general agreement with those previously reported.>
General procedure for preparation of diphenyltin(IV) complexes

A modified procedure by Li and co-workers (2004) was applied.? Typically, Ph,SnCl,
(0.15 mmol) was added to the methanolic solution (3 mL) of the hydroxamic acid HL; or HL,
(0.3 mmol) and KOH (0.3 mmol). The reaction mixture was stirred under N, at room tem-
perature overnight. The white solid formed (KCl) was filtered off and the obtained filtrate was
concentrated under a vacuum to yield the corresponding diorganotin(IV) complex.
Theoretical methods

The structures of ligands and organotin(IV) complexes were optimized in the Gaussian
program package!® by employing B3LYP-D3BJ!7-!® functional in conjunction with 6-311+
+G(d,p)"? basis set for H, C, N and O, and LanL2DZ basis set for Sn.2%2! The optimizations
were performed without any geometrical constraints, and the absence of imaginary frequen-
cies proved that the minima on the energy surface was found. The vibrational spectra were
analysed and viewed in the Gauss View program.?? The solvent environment was modelled by
the conductor-like polarizable continuum (CPCM) model?? for the measurements performed
in chloroform and DMSO. The NMR spectra were predicted by the gauge independent atomic
orbital approach (GAIO)?* in the Gaussian Program package. The intramolecular interactions
governing the stability of the ligand isomers and complexes were examined by the natural
bond orbital (NBO) analysis.?

RESULTS AND DISCUSSION
Synthesis and characterization

The organotin(IV) hydroxamates 1 and 2 were prepared at room temperature
by the reaction of one equivalent of PhySnCl, with two equivalents of ligand
(HLq or HL,, respectively) in MeOH in the presence of an equimolar amount of
KOH as a base (Scheme 1). Complexes 1 and 2 were obtained as colourless
solids in very good yields and their purity was confirmed by C, H, and N elemen-
tal analysis. Compounds were further characterized by IR and multinuclear (1H-,
13C- and 119Sn-) NMR spectroscopy. The numbering of atoms in Scheme 1 was
only used for NMR data assignation.

To investigate the vibrational modes of hydroxamic acids and how they
change with complexation, the FTIR spectra of solid HL; and HL, and their
organotin(IV) complexes 1 and 2, respectively, were scanned in the range from
4500 to 400 cm! (Figs. S-1-S-4). The ligand precursors showed the band at
3174 and 3176 cm!, respectively, assigned to the N-H stretching vibrations,
which was broader and less intense when they were complexed to a metal cation.
The shift towards lower frequencies of the v(C=0) from 1650 and 1627 cm! in
the ligand precursors HLq and HL; to 1596 and 1589 cm™! in complexes 1 and
2, respectively, indicated that the ligand coordinates through oxygen atom. This
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moderate to significant change in v(C=0) vibration wavenumber could be indic-
ative of the lengthening and weakening of the carbonyl bond.!9 The C—N stretch-
ing and N-H bending vibrations were found at 1536 cm™! in the HL; spectrum.
Herein, the same vibrations were also influenced by the complexation, as it
appeared as a broader band centred at 1525 cm! in the corresponding organotin
compound. The observed shifts are suggestive of bonding through carbonyl and
hydroxamic oxygens (0,0 coordination) and non-participation of nitrogen in
bonding. Moreover, in the IR spectrum of complex 2 two additional bands at 728
and 697 cm~! that were not present in the spectrum of ligand precursor HLj,
assigned as C—H wag and ring bend of the phenyl group, respectively, clearly
indicated the introduction of PhySn moiety in this molecule. New bands at about
540 cm! (also not present in the ligand precursor) corresponding to v(Sn—O)
further confirm the formation of organotin(IV) complexes 1 and 2, respectively.?

HL,
3 74
Q i, ii o ii o :
UL _OH LG HN™ ™SS 3 5
OH N =g |1 o-NH
H 6 2
5 3
HL, g

[i SOCI,, A; ii: NH,OH x HCI, EN, dry THF, tt, 2 h; iii: PhpSnCl, KOH, MeOH, rt |

Scheme 1. Synthetic route to complexes 1 and 2.

A comparison of !H- and 13C-NMR spectra of diorganotin(IV) hydroxam-
ates 1 and 2 with that of the ligand precursors (HLq and HL,, respectively) and
of the starting material PhySnCl,, has further supported their formation. Hydro-
xamic acid HLj in CDClj3 exhibited characteristic proton and carbon resonances
for monosubstituted phenyl ring and three CH, groups belonging to propane-1,3-
-diyl fragment (Fig. 2, Figs. S-5 and S-6 of the Supplementary material). Along-
side the mentioned resonances the two additional broad singlets corresponding to
N-H and O-H protons, at 10.39 and 8.77 ppm, respectively, were observed in the
ITH-NMR spectrum (in DMSO-dg). The NMR spectra of the ligand precursor
HL, were also recorded in both CDCl3 and DMSO-dg. Among the aliphatic pro-
tons, the terminal methyl groups appeared as a triplet at 0.88 ppm (J3 = 7.2 Hz),
while CH and CH, groups were observed as four complex multiplets (Fig. S-7 of
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the Supplementary material) in CDCl3. According to the interactions noted in the
HSQC and 'H-'H COSY spectra the methylene groups in position 3 are aniso-
chronous (Fig. 3A). These diastereotopic methylene groups exhibit a double
magnetic nonequivalence: the two CH, groups have different chemical shifts and
the protons within them are nonequivalent as well and feature complex splitting
patterns (e.g., overlapping pairs of dtd or ddf). Therefore, it appears that a spe-
cific conformation around the C(2)H-C(3)H, bond was preferred in ligand HL;
leading to the magnetic nonequivalence of methylene groups. As expected, there
were two methylene carbon signals in the 13C-NMR spectrum (at 34.83 and
20.80 ppm), along with one resonance for each of the carbonyl (at 174.47 ppm),
methine (at 44.15 ppm), and methyl carbon (14.15 ppm) atoms (Fig. S-8 of the
Supplementary material). In addition to four chemical shifts in the aliphatic
region, the signals of the labile N-H and OH-protons were observed at 10.36 and
8.68 ppm, respectively, in lH-NMR of ligand precursor in DMSO-dg (Fig. S-9 of
the Supplementary material).
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Fig. 2. Comparison of the 'H- (A) and '3C-NMR (B) spectra of ligand HL (violet line) and
complex 1 (green line) in CDCls.
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Fig. 3. Expansions of the aliphatic regions of HSQC spectra of ligand HL, (A)
and complex 2 (B).

Despite their comprehensive chemistry and biology, the structures of hydro-
xamic acids in solution are still a matter of wide debate. If there is restricted rot-
ation around the C—N bond then Z and E isomers should exist, while tautomerism
could lead to the two additional enolic forms of hydroximic acid (Fig. 4A).26 The
previous theoretical and NMR studies showed that primary hydroxamic acids
tend to adopt the more stable keto-£ and/or keto-Z conformations. Moreover, it
was found that the prevalence of certain conformations strongly depends on con-
centration, temperature and the nature of the solvent.2” Each of analysed ligands,
HL; and HL,, showed a single set of characteristic resonances in both the 'H-
and 13C-NMR spectra in DMSO-dg at room temperature (Figs. S-9 and S-10 of
the Supplementary material), and this is consistent either with the presence of
only one conformer (£ or Z, due to the high rotational barrier) or a rapid inter-
conversion between the two conformations, so that only one average set of sig-
nals is observed in the spectrum. Whatever the preferred conformation is, it is out
of the question that hydroxamic acid must be in the prearranged keto-Z
conformation in order to chelate the metal ion effectively. Thus clearly, the sol-
vent in which metal complexation takes place (in our case methanol) has to play
a crucial role in facilitating the required conformation changes necessary for
(0,0) coordination.?® Indeed, it is supposed that protic solvents, such as meth-
anol, stabilize the keto-Z conformation by forming intermolecular hydrogen
bonds (Fig. 4B).27

The appearance of characteristic chemical shifts of phenyl groups attached to
the tin centre in the 1H and 13C spectra of complex 1 and 2 (in CDCls), which
were absent in the spectra of free ligands, clearly reveals the assimilation of the
diphenyltin(IV) moiety (Figs. S-11-S-14 of the Supplementary material). More-
over, the carbonyl carbon (C=0) resonances that appeared at 170.73 and 174.47
ppm in the 13C spectra of the hydroxamic acids, HLq and HL,, respectively,
were shifted upfield in the corresponding complex (to 167.32 and 169.52 ppm,
respectively), indicating an increase in electron density at the carbon atom when
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the oxygen is chelated to the tin atom (Fig. 2B, Figs. S-12 and S-14). In complex
1, this effect was also noted for a-methylene carbon atom (C2, see Scheme 1;
Ad = —0.76), while in complex 2, even the d-carbon atom (C5, see Scheme 1)
experienced some marginal magnetic shielding (AJ in the range from —0.80 to
—0.05 and gradually decreased with the distance from C=0 group). In contrast,
the resonances of all other carbon atoms in complex 1 were shifted downfield
compared to the free ligand (A in the range from 0.46 to 0.82).

MR H R OH B R H
//C_N\ - /\/C_N\ /E:_N‘
o OH O H 0 0
keto-Z keto-E |‘_| > H
.
H H
R\ R\ OH
C=N = C=N
HO OH HO
enol-Z enol-E

Fig. 4. Plausible conformations of a hydroxamic acid (A) and intramolecular H-bonding of
hydroxamic acid in keto-Z conformation with methanol (B).

In the 'H-NMR spectra of 1 and 2 in CDClj3 also all the expected chemical
shifts could be identified, with some evident coordination induced shifts in com-
parison to the appropriate ligand precursor (Fig. 2B, Figs. S-11 and S-13). In
complex 1, the methylene protons next to the hydroxamate C=O group (H-2),
which are the closest to the coordination centre, were most notably shifted to
higher frequencies (Ad = 0.18). This deshielding of the H-2 protons may be
attributed to the magnetic anisotropy of the phenyl and/or carbonyl groups (Fig.
2B). The complete assignments of the H- and 13C-NMR spectra of complex 1 in
CDCl; were achieved by a combination of data from DEPT, !H-!H COSY,
NOESY, HMQC and HMBC spectra. The precise values of proton chemical
shifts and coupling constants were determined using manual iterative full spin
analysis (MestReNova 11.0.3-18688, Mestrelab Research, Santiago de Compo-
stela, Spain). Unfortunately, the complete assignment of IH-NMR data of com-
plex 2 in CDCl3 was hampered by the fact that upon complexation of hydrox-
amic acid HL, the methylene groups in position 4 and methyl groups from N-
-hydroxy-2-propylpentanamide moiety became magnetically nonequivalent as
well (Fig. 3B) and that some of the resonances originating from phenyl groups
overlapped with the residual solvent signal. Therefore, the chemical shifts were
estimated based on the observed HSQC interactions.

Finally, the tin chemical shift (119Sn) values often indicate the coordination
number around the tin centre and, thus, provide valuable information about the
geometry of organotin(IV) complexes.2? In the 119Sn-NMR spectra of 1 and 2 (in
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CDCl3; Figs. S-15 and S-16) one sharp signal (at —402.41 and —349.95 ppm,
respectively) was present, which strongly supports the octahedral geometry of
this tin(IV) complex.2-8

Theoretical analysis of ligands and complexes

The quantum-chemical methods were first employed to investigate the stab-
ility of different ligands HL{ and HLj; conformers to verify the experimental
observation of the keto-Z isomer dominance. The optimized structures of ligands
in vacuum are shown in Figs. 5 and S-17. Table I lists the electronic energies of
the conformers calculated in vacuum relative to the most stable conformer.

s
1 g;* T

Fig. 5. Optimized isomers in vacuum (B3LYP-D3BJ/6-311++G(d,p) level of theory) of HL;.

TABLE I. Relative electronic and free energies (in kJ mol™') to the most stable conformer
(calculated at B3LYP-D3BJ/6-311++G(d,p) level of theory) for ligands HL; and HL,

I Electronic energies Free energies
somer HL, HL, HL, HL,
Keto-Z 0 0 0 0
Keto-E 4.5 9.1 4.1 9.8
Enol-Z 39.1 41.1 40.6 41.10
Enol-E 52.6 58.5 54.7 58.0

The results from Table I prove that the keto-Z isomers of both HL; and HL;
were the most stable when both electronic and free energies were concerned.
This result was expected due to the forming of the intramolecular hydrogen bond
between the hydroxyl and carbonyl groups. The Second-order perturbation theory
results, within NBO analysis, allowed the quantification of the stabilisation
energy of this interaction.30 The intramolecular hydrogen bonds, denoted as
LP(0)—o(0O—H), had energies of 17.8 (HL1) and 19.7 kJ mol-! (HL;). Higher
stabilization energy in the case of the second hydroxamic acid ligand was prob-
ably due to the positive inductive effect of heptane-4-yl moiety, while in the case
of HL4, the electron density is distributed through the phenyl group and hydrox-
ylamide parts. Another important stabilisation interaction is LP(N)—m(C=0),
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with 76.4 and 61 kJ mol~! stabilization energies for HL; and HL,, respectively.
This interaction represents charge delocalisation within the amide group. The
other reason for the preferability of this isomer is the formation of the inter-
molecular hydrogen bonds with solvent molecules and the lowest steric hind-
rance, as previously discussed in the experimental part. Once the rotation around
the N atom occurred, the keto-E isomers were formed. These conformers do not
contain intramolecular hydrogen bond, and the stabilisation energies originating
from LP(N)—n(C=0) are lower for several kJ mol~!. The rotational barriers of
4.5 and 9.1 kJ mol! are still sufficiently low to allow the presence of a keto-E
isomer in the solution. The formation of a double bond between carbon and nit-
rogen atom made the system much more rigid. In the case of enol-Z isomers, the
intramolecular hydrogen bond is formed. Due to the system's rigidity, the dis-
tance between the hydrogen atom donor and acceptor in hydrogen bond is much
longer than in keto-Z isomers leading to lower stabilisation energies of 7.3 (HLy)
and 7.9 kJ mol~! (HL;). The stabilization of enol-E isomers is the lowest com-
pared to the other three in both ligands.

The applicability of the chosen level of theory for the optimisation of ligand
structures was further examined by comparing the experimental and the theor-
etical IR and NMR spectra. The most prominent bands of N-H and O—H stretch-
ing vibrations of structures optimised in vacuum were around 3624 (3174 in
experimental spectrum, N-H) and 3561 cm~! (O—H). Lower wavenumber for the
N—-H stretching vibration results from the intramolecular hydrogen bond form-
ation. These values were significantly higher than those experimentally observed
because the experimental spectra were recorded in the solid sample, while the
optimizations were performed on an isolated molecule in vacuum.3! Due to the
intermolecular interactions, the wavenumbers shift to lower values. On the other
hand, the C=O stretching vibrations were observed at 1663 (HLq) and 1661 cm™!
(HL,) for the structures optimized in vacuum. These values reproduce well the
experimental ones considering all of the optimization limitations (1647 and 1627
cm1 in experimental spectra, respectively). The C—N stretching and N-H bend-
ing vibrations were found at 1557 cm™! in the spectra of both HL; and HL,,
which is several cm~! higher than in the experimental spectrum (1541 and 1536
cm1).

When NMR spectra are concerned, Table II lists the experimental and theor-
etical values of the chemical shifts of HL1, while the analogous table for HL; is
presented in the Supplementary material. The experimental and theoretical chem-
ical shifts were compared by calculating the correlation coefficient (R) and the
mean absolute error (MAE). The theoretical shifts were obtained for the struc-
tures optimised in chloroform. The calculated chemical shifts were overest-
imated, and the correction factors were determined from the dependency between
experimental and theoretical values. These factors were 0.95 and 0.94 for !H-
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and 13C-NMR spectra of HLj. The calculated values show a high R value and
low MAE (0.14 (H-NMR) and 2.4 ppm (13C-NMR)), proving the reproducibility
of the experimental data. The lowest values of the chemical shifts in 'H-NMR
spectra were obtained for the hydrogen atoms of the aliphatic chain between 1.93
and 2.60 ppm in the experimental and between 1.51 and 2.53 ppm in the theor-
etical spectrum. As expected, the chemical shifts of hydrogen atoms attached to
aromatic carbon atoms were in a narrow range. The largest discrepancies
between the experimental and the theoretical data were calculated for the hyd-
rogen atoms attached to oxygen and nitrogen atoms (>1.5 ppm) due to the form-
ation of stabilisation interactions with the solvent molecules. When 13C-NMR
chemical shifts are concerned, the values for carbon atoms of the aromatic ring
were almost equal, because the similarity of the chemical environment of carbon
atoms was not significantly influenced by the present aliphatic chain. The similar
results was obtained for ligand HL,.

TABLE II. Experimental and theoretical (at B3LYP-D3BJ/6-311++G(d,p) level of theory) of
HL,

'H Chemical shifts, ppm 13C Chemical shifts, ppm

H atom Experimental Theoretical | C atom Experimental Theoretical
C3-H 1.93 1.51 C3 26.1 30.8
C2-H 2.10 2.44 C2 315 37.5
C4-H 2.60 2.53 Cc4 343 39.8
C6-H 7.13 7.50 C8 125.5 125.0
C10-H 7.13 7.50 C6 127.9 127.5
C8-H 7.18 7.50 C10 127.9 127.4
C7-H 7.25 7.69 Cc7 127.9 127.7
C9-H 7.25 7.50 Cc9 127.9 127.7
O-H 8.77 7.18 C5 140.4 143.3
N-H 10.39 7.85 Cl1 170.7 166.8
R 0.993 R 0.995
MAE / ppm 0.14 MAE / ppm 2.4

Once the reproducibility of experimental spectral data was shown, it could
be concluded that the optimized structures represented well the structures in
solution. The same methodology was applied for the structural analysis of com-
plexes 1 and 2. The optimized structures are given in Fig. 6, although other
conformers could also possibly exist. The complexation occurs through two oxy-
gen atoms and Sn as the central metal ion. The ligands are positioned symmet-
rically around the Sn ion. The bond distances between deprotonated hydroxyl
group oxygen and Sn were, on average, 2.20 A, while between the carbonyl oxy-
gen and Sn were 2.29 A. The optimised structure also supported the experimental
finding that a bond was not formed between Sn and the nitrogen atom. The NBO
analysis gave the stabilisation energies formed between oxygen atoms and Sn. In
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the case of complex 1, the stabilisation interactions between hydroxyl group oxy-
gen and Sn had an energy of 222 kJ mol~!, and between the carbonyl oxygen and
Sn, 180 kJ mol~!. These energies explained the difference in the bond lengths
between Sn and O atoms. The stronger interactions were formed between HLj
and Sn (LP(Onydroxy)—>LP(Sn) (266 kJ mol1) and LP(Ocarbony)—>LP(Sn) (133
kJ mol-1)). The electron density is mostly localised on the hydroxylamide group,
as previously explained for the isolated ligand.

Fig. 6. Optimized structures (at B3LYP-D3BJ/6-311++G(d,p)(H,C,N,0)/LanL2DZ(Sn) of
complexes 1 (left) and 2 (right).

Upon the complexation, the characteristic frequencies of the groups included
in the compound formation were changed as experimentally observed. The C=0O
stretching vibration wavenumber lowered to 1610 (HLj) and 1598 cm~! (HL;)
in the theoretical spectra of compounds optimised in vacuum (1596 and 1589
cm! in experimental spectra). The difference of around 50 cm™!, due to the
formation of the complex, was equal in the experimental and predicted spectra.
The same was observed for the C—N stretching and N-H bending vibrations. In
the lower part of the theoretical spectrum, a band at 546 cm~! assigned to v(Sn—-O)
was obtained, similar to the experimental spectrum (540 cm~!), as an important
finding to support the formation of organotin(IV) complexes 1 and 2.

The experimental and the theoretical NMR spectra of complexes 1 and 2
were also compared. Tables III and S-II list the experimental and theoretical
chemical shifts in chloroform. The correlation coefficients between experimental
and theoretical values are 0.995 for both 'H- and 13C-NMR spectra of complex
1, with MAE values being 0.11 and 2.1 ppm, respectively. A shift in values was
observed for the carbonyl oxygen (166.8 ppm in the spectrum of HL{ and 163.9
ppm in a spectrum of complex 1), thus proving that this group is included in the
complex formation, as it is experimentally confirmed. Similar was observed for
HL; and complex 2. Change in chemical shift of C2 of 1.8 ppm was also induced
upon complexation. The rest of the values remained almost the same (for
example, d(C5) was found to be 143.3 (HLj) and 143.8 ppm (1)).
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Based on the comparison between the experimental and the theoretical IR
and NMR spectra of complexes 1 and 2, it can be concluded that the predicted
structure from Scheme 1 was confirmed.

TABLE III. Experimental and theoretical (at B3LYP-D3BJ/6-311++G(d,p) level of theory) of
complex 1

'H chemical shifts, ppm 13C chemical shifts, ppm
H atom Experimental Theoretical | C atom Experimental Theoretical
C3-H 1.89 1.46 C3 27.0 313
C2-H 2.28 223 C2 30.7 35.7
C4-H 2.53 2.43 Cc4 34.8 39.8
C6-H 7.07 7.17 C8 126.2 125.5
C10-H 7.07 7.17 Cc7 128.6 128.4
C8-H 7.15 7.12 Cc9 128.6 128.3
C7-H 7.22 7.22 Co6 128.6 127.9
C9-H 7.22 7.22 C10 128.6 127.9
C4’-H 7.34 7.22 C3’ 128.7 127.8
C3’-H 7.35 7.22 Cs’ 128.7 127.0
C5’-H 7.35 7.22 c4 129.9 128.4
C2’-H 7.75 7.85 Cc2 134.9 134.0
Co6’-H 7.75 7.98 ce’ 134.9 135.1
R 0.995 Cs 141.1 143.8
MAE | ppm 0.11 Ccr 145.8 150.9
Cl 167.3 163.9
R 0.995
MAE | ppm 2.1
CONCLUSION

The two new diphenyltin(IV) complexes of biologically active hydroxamate-
-based ligands, N-hydroxy-4-phenylbutanamide (HLj) and N-hydroxy-2-propyl-
pentanamide (HL3), have been synthesised and characterized by IR, 1H-, 13C-
and 119Sn-NMR spectroscopies. The bonding through hydroxamic and carbonyl
oxygens (0,0 coordination mode) has been indicated by the presence of charac-
teristic bands in the IR spectra. The six-coordinate octahedral geometry around
tin has been proposed based on !!9Sn-NMR data. All the expected chemical
shifts were present in the 'H- and 13C-NMR spectra of complexes 1 and 2. Some
evident coordination-induced shifts could be noted compared to the ligand pre-
cursors. The complete assignments of the TH- and 13C-NMR spectra of complex
1 in CDCI3 were achieved by combining the data from 2D NMR spectra and H-
-NMR simulation. The relative stability of different conformers of HLj and HL;
was explained through the intramolecular hydrogen bond formation and LP(N)—
—7(C=0) stabilisation interaction. The theoretical IR and NMR spectra of the
ligands reproduced well the experimental results. The structure optimisation of
complexes 1 and 2 proved the binding mode through the oxygen atoms, with
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stronger bonds formed with hydroxyl oxygen (shorter bond and higher stabil-
ization interaction energy) than with carbonyl oxygen. The changes in IR spectra
upon complexation were successfully modelled by quantum-chemical calcul-
ations. High values of correlation coefficient (>0.991) and low mean absolute
error values for comparing the experimental and the calculated NMR chemical
shifts proved the predicted structure. Further studies on biological activity of
herein described complexes are to be performed, having in mind the well-known
biological potential of both ligands and Sn.
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H3BOI
IOUOPIAHOKAJIAJ(1V) KOMIUVIEKCHU CA XUIPOKCAMATHHM NJEPUBATHMA
KHCEJIMHA KPATKOT HHU3A KOJE IMTPEOJACTABJbAJY HDAC MHXWBUTOPE

IIAHUJEJIA H. HUKOJIUR'2, MAPUJA C. TEHYUR!, JEJTEHA M. AKCUR!, HUKO C. PAYJIOBUR',
IYIIAH C. JMUMUR® u TOPAH H. KATTYBEPOBUR?
"Ynusepsumein y Huuty, ITpupogno—-maimemamuuxy paxynmeim, Jenapmman 3a xemujy, Buweipagcexka 33,
18000 Huwi, *University of Applied Sciences Merseburg, Department of Engineering and Natural Sciences,
Eberhard-Leibnitz-Strafe 2, DE-06217 Merseburg, Germany u >Ynusep3uitiewi y Beoipagy, @axyniuein 3a
Pusuuky xemujy, Ciiygenwicku wipi 12—16, 11000 Beoipag

Opranokanajua(IV) jenumema mokasyjy BEIMKH 3Hayaj Ka0 aHTUTYMODCKH MeTajole-
KOBHM Ca HMCKOM TOKCHYHOWINY M W3Pa3sMTOM aHTHNpPOAUdepaTHBHOM akTuBHOWhy. MHxH-
dUTOpE XUCTOH HealleTWIa3e KapaKTepUIly BeluKa OMOMOCTYNHOCT M HHUCKA TOKCHYHOCT. Y
OBOM pazy je OmhcaHa CHHTe3a W Kapakrepusauuja (FTIC, H-, 13C- u "°Sn-NMR cnexrpo-
CKOIMja) nBa HOBa KomIuiekca gudenunkanaja(lV) ca 6M0n0MKY aKTUBHUM XUOPOKCAMaTHUM
nuraHpgumMa, N-xunpoxcu-4-denundyranamunom (HLi1) u N-Xunpoxcu-2-IponuINeHTaHa-
muznom (HL:z). IMocedHa naxmwa je mocseheHa mpensuhamy HauWHa Be3WBama JIMTaHala y
nobujeHuM Kommiekcuma. CTpYKType Cy JOJATHO MCIMTaHe NPHUMEHOM TeopHje (YyHKLHO-
Hasa ryctuHe Ha B3LYP-D3BJ/6-311++G(d,p)(H,C,N,0)/LanL2DZ(Sn) uuBoy. Teopujcku 1C
1 NMR cnektpu cy ynopeheHu ca CIeKTPOCKOICKHMM MNojalMiMa U 3ak/bydyeHO je na Inpen-
BubeHe CTpyKType H0oOpo onucyjy ekcrieprumeHTanHe. CTaDUmHOCT pa3nuuuTux usomepa HL4
n HL: je ucnurana TeopujoM NpUPOAHUX OpdHTana U NMpHKa3aH je 3Hauyaj HHTPaMOJIEKYJICKE
BOZOHUYHE Bede. MHTepakuuje usmehy noHOpCKHUX aToMa U Sn Cy UCIMTaHe U KOpeaHcaHe ca
IPOMEHOM Y XEMU]jCKUM NTIOMEpamHUMa U TajlaCHUM DpojeBMMa KapakTePUCTUYHUX BUOpaLyja.

(TTpumseno 30. jyna, pesuaupaHo 18. jyna, mpuxsaheno 8. cenrembpa 2023)
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SPECTRAL AND ANALYTICAL DATA OF LIGAND PRECURSORS AND
COMPLEXES

N-hydroxy-4-phenylbutanamide (HL1): Yield 434 mg (34.3%). Colorless crystals. IR
(ATR): 3174w (v(N-H)), 2979m, 2946m (v(CHa).s), 2602m, 2496m, 1647m (v(C=0)), 1474s
(3(CHy)se), 1383m, 1364w, 1172m, 1035s, 851w, 807m, 757m (y(C-H), 700m (®(C=C)), cm'.
"H NMR (400 MHz, CDCls, 8): 7.25 (dd, 2H, J; = 7.5, 7.0, H-7 and H-9), 7.18 (d, 1H, J; =
7.0, H-8), 7.13 (d, 2H, J; = 7.5, H-6 and H-10), 2.60 (¢, 2H, J5 = 7.3, H-4), 2.10 (bt, 2H, J3 =
7.0, H-2), 1.93 (7, 2H, J; = 7.3, 7.0, H-3). *C NMR (100.6 MHz, CDCl;, 8): 170.73 (C=0),
140.44 (C-5), 127.87 (C-6 and C-10 or C-7 and C-9), 127.85 (C-6 and C-10 or C-7 and C-9),
125.50 (C-8), 34.33 (C-4), 31.49 (C-2), 26.13 (C-3). 'H NMR (400 MHz, DMSO-ds, 3): 10.39
(bs, 1H, N-H), 8.77 (bs, 1H, O-H), 7.28 (m, 2H, H-6 and H-10), 7.18 (m, 3H, H-7, H-8 and H-
9), 2.55 (t, 2H, J; = 7.1, H-4), 1.98 (¢, 2H, J; = 7.4, H-2), 1.80 (¢t, J; = 7.4, 7.1, 2H, H-3).’C
NMR (100.6 MHz, DMSO-ds, §): 169.12 (C=0), 141.90 (C-5), 128.54 (C-6 and C-10),
126.03 (C-7, C-8 and C-9), 34.85 (C-4), 32.02 (C-2), 27.25 (C-3).

N-hydroxy-2-propylpentanamide (HLz): Yield 508 mg (45.7%). Colorless crystals. IR
(ATR): 3176w (v(N-H)), 3026w, 2957m (V(CHs)ss), 2930m (v(CHa)as), 2873m (V(CHy)y),
1627s (v(C=0)), 1536m (v(C-N) + v(CNH)pend), 1464s (8(CHa)sc), 1381m, 1273w, 1113w,
1041m, 990w, 949m, 891w, 756m, cm™. '"H NMR (400 MHz, CDCl;, §): 1.98 (m, 1H, H-2),
1.60 (m, 2H, H-3A), 1.40 (m, 2H, H-3B), 1.28 (m, 4H, H-4), 0.88 (¢, J; = 7.2, 6H, H-5).13C
NMR (100.6 MHz, CDCls, 3): 174.47 (C=0), 44.15 (C-2), 34.83 (C-3), 20.80 (C-4), 14.15 (C-
5). 'H NMR (400 MHz, DMSO-ds, 8): 10.36 (s, 1H, N-H), 8.68 (s, 1H, O-H), 1.96 (m, 1H, H-
2), 1.43 (m, 2H, H-3A), 1.20 (m, 6H, H-3B and H-4), 0.83 (¢, 6H, J; = 7.2, H-5). 3C NMR
(100.6 MHz, DMSO-dg, 3): 171.39 (C=0), 41.89 (C-2), 34.45 (C-3), 19.97 (C-4), 13.78 (C-5).

**%* Corresponding authors. E-mail: (*)marija.gencic@pmf.edu.rs;
(**)goran.kaluderovic@hs-merseburg.de
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[PhySn(L,;);] (1): Yield 164 mg (94.8%). Colorless solid. IR (ATR): 3141w (v(N-H)),
2929w (V(CHz)as), 1596m (v(C=0)), 1519m (v(C-N) + V(CNH)bena), 1496m, 1454m (8(CH>)sc),
1430m, 1363w, 1299w, 1152w, 1087w, 1071m, 992m, 952m, 731m (y(C-H), 700s (®(C=C)),
540m (v(Sn-0)), cm™. "H NMR (400 MHz, CDCls, 8): 7.75 (dd, 4H , J; = 6.60, J, = 2.90, H-
2" and H-6"), 7.345 (dd, 4H, J; = 7.00, 6.60, H-3' and H-5"), 7.335 (dd, 2H, J; = 7.00, J, =
2.90, H-4"), 7.22 (dd, 4H, J; = 7.60, 7.20, H-7 and H-9), 7.15 (dd, 2H, J; = 7.60, J, = 1.70, H-
8), 7.07 (ddd, 4H, J; = 7.20, J, = 1.70, —1.00, H-6 and H-10), 2.53 (td, 4H, J5 = 7.70, J;, = —
1.00, H-4), 2.28 (¢, 4H, J; = 7.00, H-2), 1.89 (#, 4H, J; = 7.70, 7.00. H-3). 3C NMR (100.6
MHz, CDCls, 8): 167.32 (C=0), 145.79 (C-1"), 141.10 (C-5), 134.86 (C-2' and C-6"), 129.86
(C-4"), 128.70 (C-3' and C-5"), 128.61 (C-6 and C-10), 128.59 (C-7 and C-9), 126.21 (C-8),
3479 (C-4), 30.73 (C-2), 2695 (C-3). '"Sn NMR (1492 MHz, CDCl;, §):
—402.41 (s, Sn). Combustion analysis for C;sH;sN,O4Sn: Calculated. C 61.05 H 5.45, N 4.42;
found C 60.93 H 5.57, N 4.45.

[PhySn(L;),] (2): Yield 98 mg (89 %). Colorless solid. IR (ATR): 3176w (v(N-H)),
3048w, 2956s (V(CH3)as), 2930m (v(CHa).s), 2871m (v(CHa)s), 1589s (v(C=0)), 1525m (v(C-
N) + V(CNH)bena), 1464m (8(CHa)sc), 1429m, 1380m, 1277w, 1120m, 1073m, 1045m, 995m,
953m, 899w, 728m (y(C-H), 697s (®(C=C)), 540m (v(Sn-0)), cm™. '"H NMR (400 MHz,
CHCls, 8): 7.59 (m, 4H, H-2' or H-3"), 7.30 (m, 2H, H-4"), 7.27 (m, 4H, H-2' or H-3"), 1.96 (m,
2H, H-2), 1.54 (m, 4H, H-3A), 1.28 (m, 8H, H-3B and H-4A), 1.07 (m, 4H, H-4B), 0.76 (m,
12H, CHsa and CHsp). *C NMR (100.6 MHz, CDCls, §): 169.52 (C=0), 148.29 (C-1"),
135.56 (C-2' or C-3"), 128.38 (C-4"), 127.94 (C-2' or C-3"), 43.35 (C-2), 34.35 (C-3), 20.49 (C-
4), 14.10 (C-5). 1°Sn NMR (149.2 MHz, CDCl3, 8): —349.95 (s, Sn). Combustion analysis for
C,3H4N,04Sn: Calculated. C 57.06, H 7.18, N 4.75; found C 57.45, H 7.32, N 4.70.
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'H NMR (400 MHz, CDCly)
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Fig. S-5. "H NMR spectrum (400 MHz, CDCl;) of N-hydroxy-4-phenylbutanamide (HL1)

g 3 REF o o=
é s P 2% 2
- 3 =2 Ea &
v/ [
13C NMR (100.6 MHz, *CDCly)
H
2 4 _ 6
N1 D
HO m
o 10 ]
HL4 9
BeDCl,
'
. |
| l il
T
170 160 150 140 130 120 10 80 o 0 s0 0 30

100
4 [ppm]

Fig. S-6. 13C NMR spectrum (100.6 MHz, CDCl;) of N-hydroxy-4-phenylbutanamide (HL:1)
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'HNMR (400 MHz, CDCL)
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Fig. S-7. '"H NMR spectrum (400 MHz, CDCl;) of N-hydroxy-2-propylpentanamide (HL:)
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Fig. S-8. 13C NMR spectrum (100.6 MHz, CDCl;) of N-hydroxy-2-propylpentanamide (HLz)
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"H NMR (400 MHz, DMSO-dg)
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Fig. S-9. '"H NMR spectrum (400 MHz, DMSO-d;) of N-hydroxy-2-propylpentanamide (HL:)
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'H NMR (400 MHz, CDCly)
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Fig. S-12. 3C NMR spectrum (100.6 MHz, CDCl;) of [PhoSn(L)2] (1)
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'H NMR (100.6 MHz, CDCl,)
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Fig. S-14. 3C NMR spectrum (100.6 MHz, *CDCl;) of [Ph,Sn(L»),] (2)
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11°Sn NMR (149.2 MHz, CDCly)
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Fig. S-17. Optimized isomers (B3LYP-D3BJ/6-311++G(d,p) level of theory) of HL2



S398

NIKOLIC et al.

Table S-1. Experimental and theoretical (at B3LYP-D3BJ/6-311++G(d,p) level of theory) of

HL;
'H chemical shifts [ppm] 13C chemical shifts [ppm]

H atom Experimental Theoretical C atom Experimental Theoretical
C5-H 0.88 0.88 C5 14.2 15.8
C4-H 1.28 1.28 C4 20.8 27.2
C3-H 1.40 1.30 C3 34.8 38.5
C2-H 1.98 2.06 C2 44.1 49.6
O-H 8.68 6.98 Cl 174.5 171.5
N-H 10.36 7.66

R 0.978 R 0.994
MAE [ppm] 0.04 MAE [ppm] 4.0

Table S-II. Experimental and theoretical (at B3LYP-D3BJ/6-311++G(d,p) level of theory) of
complex 2.

'H chemical shifts [ppm] 13C chemical shifts [ppm]
H atom Experimental Theoretical C atom Experimental Theoretical

Cs5-H 0.76 0.58 C5 14.1 16.5
C4-HA 1.07 0.78 C4 20.5 22.0
C4-HB 1.28 0.89 C3 344 38.1
C3-HA 1.28 0.95 C2 43.4 48.0
C3-HB 1.54 1.29 c2 127.9 133.7
C2-H 1.96 1.53 ce’ 127.9 125.0
C2’-H 7.27 7.22 c4 128.3 128.7
C6’-H 7.27 7.22 Cc3 135.6 130.0
C4-H 7.30 7.28 C5’ 135.6 130.0
C3’-H 7.59 7.54 cr 148.3 147.7
C5’-H 7.59 8.08 Cl1 169.5 169.6
R 0.992 R 0.991

MAE [ppm] 0.22 MAE [ppm] 3.0
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Abstract: Ruthenium complexes have gained significant attention due to the
ruthenium similarity to iron, lower toxicity, and higher anticancer effectiveness
than other compounds. In this contribution, five new isonicotinate-polyethylene
glycol ester ligands were synthesised and characterised by NMR and IR spec-
troscopies. The corresponding Ru(Il) complexes were also obtained, and their
structure was investigated by traditional methods. The optimisation of struc-
tures was performed at B3LYP/6-31+G(d,p) level of theory for H, C, N and O
atoms and B3LYP/LanL2DZ for Ru. The intramolecular stabilisation interact-
ions were assessed through the natural bond orbital approach. The NMR chem-
ical shifts were predicted by the gauge independent atomic orbital method and
compared to the experimental values. High correlation coefficients and low
mean absolute errors between these data sets proved that the predicted struc-
tures described well the experimental ones. The theoretical and experimental
IR spectra were also compared, and differences in the most notable bands were
described. One of the ligands (L5) and complexes (5) showed fluorescent pro-
perties due to methylisatoic moiety. The electronic spectra of this compound
were modelled by the time dependent-density functional theory method. The
difference of 11 nm between the experimental and the theoretical wavelength
was explained by the interactions between the solvent and the solute. Further
biological and theoretical studies are advised for this series of compounds.
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INTRODUCTION

Cancer is a leading cause of death worldwide, representing a multifactorial
and complex disease. The discovery of cisplatin in the 60s of the twentieth
century marked the beginning of using complex compounds in treating different
cancers.! Although proven effective, this compound has some severe side effects,
including myelosuppression, emesis, nephrotoxicity and alopecia, besides pos-
sible inherent resistance observed in some cancer types.!-2 Therefore, the atten-
tion has been focused on similar compounds with higher effectiveness and lower
toxicity. Complexes based on platinum-type metals, such as palladium, ruthen-
ium, iridium, rhodium and osmium, represent possible substitutes for cisplatin.3->
Due to its similarity in chemical behaviour to iron, ruthenium is characterised by
higher human organism tolerance and higher selectivity. In vitro studies® focus
mostly on Ru(Il)-arene and Ru(Il)-polypyridine complexes.

The development of so-called “half sandwich” Ru(Il)-arene compounds (or
“piano-stool” complexes) is underway as these compounds offer diversity in the
possible substituents that influence the biological activity.*7 The general formula
of these compounds is [(7°-arene)Ru(YZ)(X)], in which YZ can be either a bident-
ate ligand or two monodentate ligands.” Compounds having neutral monodentate
ligands commonly contain, beside #7%-arene, two chlorido ligands. The solubility
of Ru(Il) complexes in water represented a severe drawback for their application
in medicine. The ionic complexes have much greater potential, and the research
nowadays focuses on the compounds with the increased halide ligands groups.$.?
Some of the examples of Ru(Ill) compounds that entered clinical trials are imid-
azolium trans-[tetrachlorido(dimethyl sulfoxide)(1-H-imidazole)ruthenate(I1I)]
(NAMI-A), indazolium trans-[tetrachloridobis(1-H-indazole)ruthenate(I11)]
(KP1019) and their sodium analogues.! Depending on the choice of ligands,
Ru(I) compounds also possess some antiradical activity towards the reactive
species, such as hydroxyl radical.10

The coordination properties of nicotinic and isonicotinic acid to lanthanide
ions were described 1970s.!! The study by Schobert and Biersack investigated
cis-dichloridoplatinum(II) complexes with aminomethylnicotinate and isonicotin-
ate ligands, in which these compounds acted as bidentate ligands.!? Rhenium(I)-
-polypyridine complexes coordinated to ethyl-isonicotinate exhibited lumines-
cence that depended on polypyridine moiety and that could be used as photosen-
sitizers for the singlet oxygen production in cells.!3 Mixed metal complexes of
copper(Il) and vanadium(V) incorporating isonicotinate ligands were obtained by
Wang and coworkers.!4 Four new uranium(VI) isonicotinate framework solids
had a range of dimensionalities from zero-dimensional to two-dimensional com-
pounds and were described by Kim and coworkers. !5

This research aims to describe the synthesis and structural characterization
of five new isonicotinate-polyethylene glycol ester ligands and their correspond-
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ing Ru(Il) complexes. NMR, IR, MS, UV-Vis, fluorescence spectroscopies and
elemental analysis are used in this contribution to determine the structures of
compounds. The structures of the obtained compounds were also validated by
predicting IR, NMR and UV—Vis spectra calculated using the density functional
theory (DFT) results and comparing them with the experimental ones. Interact-
ions governing the stability of ligands and complexes are also examined in detail
by the natural bond orbital (NBO) theory.

EXPERIMENTAL AND THEORETICAL METHODS
Materials and methods

Preparative technique. Ligand precursors were prepared in dry toluene and acetonitrile.
All reactions of ruthenium(II) complexes were carried out under argon by using the standard
Schlenk line technique. Diethyl ether and toluene were distilled from sodium benzophenone.
Dichloromethane was distilled from calcium hydride. 2-Propanol was dried with molecular
sieve 3 A and degassed with argon before use. Ethylene glycol was freshly distilled and stored
with a molecular sieve 4 A. All other poly(ethylene oxide) compounds and poly(ethylene
oxide) monomethyl ethers were dried with sodium sulphate. Ligand precursor (L1-HCI) and
appropriate ruthenium(Il) complex (1) were previously reported'® and used here for comp-
arison and theoretical calculations.

Purchased materials. Isonicotinic acid, thionyl chloride, diethylene glycol and a-terpin-
ene were purchased from Acros Organics. Triethylene glycol, tetraethylene glycol and dieth-
ylene glycol monomethyl ether were ordered from Merck. Glycol monomethyl ether and tri-
ethylene glycol monomethyl ether were purchased from Fluka. Ruthenium(IIl) chloride hyd-
rate was also commercially available from Alfa Aesar.

Instrumental methods

All samples were measured in 5 mm NMR tubes at 300 K; other conditions are noted.
TH- and 13C-NMR spectra were recorded on Varian Unity 500 or Varian Gemini 400 spectro-
meters. The chemical shift of 'H-NMR spectra is relative to signals of undeuterated solvents,
CHCl; (6 = 7.26 ppm) and HDO (6 = 4.79 ppm). 13C-NMR spectra are calibrated to solvent
CDCl; (0 = 77.16 ppm) and all signals noted in the experimental part are singlets. IR spectra
were measured from 4000-250 cm! with a Bruker Tensor 27 FT-IR-spectrometer with diam-
ond ATR. High-resolution ESI mass spectra were obtained from a Bruker Apex III Fourier
transform ion cyclotron resonance (FTR-ICR) mass spectrometer (Bruker Daltonics) equipped
with an infinity cell, a 7.0 T superconducting magnet (Bruker), an rf-only hexapole ion guide
and an external Apollo electrospray ion source (Agilent, off-axis spray). The sample solutions
were introduced continuously via a syringe pump with a flow rate of 120 pL h'!. The ligand
precursors are noted without hydrochloride as [M+H]*. UV-Vis spectra were recorded on an
HP 8453 (Hewlett—Packard GmbH, Waldbronn Analytical Division, Germany), and the fluor-
escence spectra were recorded on the Fluoromax 2 (Horiba Jobin Yvon GmbH, Unterhaching,
Germany). All measurements were performed at room temperature and in cuvettes from
Hellma GmbH & Co. KG (Miillheim, Germany, d = 1 cm).

Theoretical methods

All structures were optimized using the Gaussian 09 Program Package!” without any
geometrical constraints. The global hybrid generalised gradient approximation (GAA) func-
tional B3LYP!8 and 6-311++G(d,p)'? basis set was employed to optimize the ligand structure.
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Ligands were optimized in protonated form to follow the experimentally obtained hydrochlor-
ide salts. For Ru(Il) complexes, B3LYP functional in conjunction with the basis sets 6-31+
+G(d,p) for H, C, N and Cl, and Lan.2DZ?%2! were employed. The absence of imaginary
frequencies showed that the minima of the potential energy surface were obtained. The vibrat-
ional frequencies were analysed and visualized in the GausView program.?? The correction
factors for the selected level of theory were obtained on the National Institute of Standards
and Technology website (https://cccbdb.nist.gov/vsfx.asp). The influence of solvents on the
simulated NMR (D,0, CDCly) and UV-Vis (H,0) spectra was simulated using the Conduc-
tor-like polarizable continuum model (CPCM).23 The intramolecular interactions governing
structure stability were analysed by the natural bond orbital** (NBO) approach, as imple-
mented in the Gaussian Program package. The 'H- and 13C-NMR chemical shifts were calcul-
ated by the gauge independent atomic orbital (GIAO)?>2¢ Approach. The TMS as an internal
standard for NMR measurements was also optimised at the mentioned level of theory, and
NMR spectra were predicted. The electronic transitions were calculated by the time depen-
dent-density functional theory (TD-DFT).’

General procedure for the synthesis of isonicotinate esters (L2-HCI-L5-HCI)

The isonicotinic acid (Table I), and dimethylformamide (0.03 g, 0.4 mmol) were cooled
to 15 °C, and the excess thionyl chloride (5 mL, 70 mmol) was added dropwise. The reaction
mixture was stirred at 40 °C for one hour. The formed light yellow acyl chloride hydrochlor-
ide was obtained by evaporating the solvent and the rest of the thionyl chloride and dried in
vacuo. The obtained acyl chloride hydrochloride was used in situ to prepare poly(ethylene
glycol) esters (Fig. 1). The acyl chloride hydrochloride was suspended in toluene (40 mL).
The appropriate poly(ethylene oxide) monomethyl ether was added at 15 °C and stirred over-
night at room temperature. The product precipitated during the reaction was filtered off and
washed with toluene (recrystallization from ethanol, method A). If viscous oils were obtained,
toluene was removed in vacuo and impurities were removed by the extraction with acetone/
/diethyl ether (method B).

Properties, analytical and spectral data of the synthesized compounds are given in Sup-
plementary material to this paper.

TABLE L. Reaction details for the preparation of ruthenium(Il) complexes 2—5
n({RuCly(n%-p-cymene)},)  n(L2-HCI-L5)

Complex Reaction time, h  Yield, %

mmol mmol
2 0.10 0.22 1 96
3 0.10 0.24 1 97
4 0.15 0.37 2 72
5 0.055 0.113 2 65
(0] O (0] 0
5 410 10-CHj 5 410 O-H 5 4)10 1O s HN—
~ = n — 2 -~ 2 6
26 28 2§ 10 7
N=" .Hcl N=" .Hcl A
L1-L3 L4 L5

Fig. 1. Poly(ethylene oxide) monomethyl ether (n 1-3) esters of isonicotinic acid
(L1-HCI-L3-HCI), di(ethylene oxide) monoester of isonicotinic acid (L4-HCI) and
fluorescent ligand (L5) with assignment for NMR characterization.
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2-(2-Hydroxyethoxy)ethyl isonicotinate hydrochloride (L4-HCI). Isonicotinic acid (1.23
g, 10 mmol) and dimethylformamide (0.03 g, 0.4 mmol) were cooled to 15 °C, and the excess
thionyl chloride (5 mL, 70 mmol) was added slowly. The suspension was stirred, heated to 40
°C for 1 h and turned light yellow. The formed isonicotinic acyl chloride hydrochloride was
obtained by evaporation of the reaction mixture, dried in vacuo, and used in situ to prepare
L4-HCL.

The isonicotinic acyl chloride hydrochloride was suspended in toluene (20 mL). Diethyl-
ene glycol (5.7 mL, 60 mmol) was added and the mixture was stirred overnight at rt. The
crude product precipitated during the reaction, and toluene was removed in vacuo. The pro-
duct was extracted with acetone/diethyl ether and multiple times redissolved in acetone and
precipitated with excess diethyl ether. Yield: 0.34 g (14 %).

2-[2-(2-Methylamino-benzoyloxy)ethoxy]ethyl isonicotinate (L5). L4-HCl (62 mg, 0.25
mmol), methylisatoic acid anhydride (54.3 mg, 0.31 mmol) and potassium carbonate (60 mg,
0.5 mmol) were suspended in acetonitrile (20 mL) and stirred at 60 °C for 3 h. The precipitate
was filtered off and washed with dichloromethane (2x5 mL). The crude product was obtained
by evaporation of the volatiles and purified by centrifugally accelerated thin-layer chromato-
graphy with an eluent system of dichloromethane and ethanol (V¢p,ci,/Veion = 40:1). The
fractions containing the product (R; = 0.24) were combined, and the volatiles evaporated.
Yield: 63 mg (73 %).

General procedure for the synthesis of mononuclear ruthenium(Il) complexes 2—4

The appropriate ligand/ligand precursor was suspended in isopropanol (20 mL) and
stirred at rt. Dichlorido(#%-p-cymene)ruthenium(Il) dimer was added, and the orange reaction
mixture was heated to 40 °C (for details see Table I). The suspension turned light orange or
yellow and was cooled to —47 °C. The product was precipitated and filtered off (Fig. 2),
washed with diethyl ether (4x2 mL) and dried in air.

Properties, analytical and spectral data of the synthesized compounds are given in Sup-
plementary material.

R

/ Qjﬂo . Qj e % o

Fig. 2. Chemlcal structures of mononuclear Ru(Il) complexes with ligands L2-L5 (n 2-3).

RESULTS AND DISCUSSION

Poly(ethylene oxide) esters of isonicotinic acid (L2—-L4-HCI and L5) and
corresponding Ru(1l) complexes (2-5)

Synthesis. All prepared ligand precursors were synthesised by a similar pro-
cedure described in the literature.28:2% The appropriate acyl chloride was first
synthesised by reacting isonicotinic acid with thionyl chloride (Scheme 1). This
reaction was catalysed by dimethylformamide (DMF) within 1 h.30 The proposed
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mechanism includes several steps. In the first step, the sulphur atom of thionyl
chloride is attacked by the carboxylic acid to give an unstable intermediate, a
mixed anhydride. The released hydrogen chloride protonates the carboxylic oxy-
gen atom and makes the carboxylic carbon atom strongly electrophilic. After-
ward, the chloride anion attacks the carbon atom, and the intermediate reacts,
yielding the desired acyl chloride, sulphur dioxide, and hydrogen chloride.31:32

5 /—} >_q_/>*
(" soa /{ HOCHCHOIR 7 poymRuCly]  GTRY
DMF el toluene, it 3y / PrOH N

N= N-7He ¢
"0 [o-R
14 0O n

Scheme 1. Synthesis route of poly(ethylene oxide) esters of isonicotinic acid (L1-L4-HCI).

||_1,1 12,2 13,3 L4, 4
L1 HCI-L4 HCI

n|l 1 2 3 2
R’ CH, CH, CH, H

The acyl chloride was obtained as a light yellow, crystalline powder that
reacted exothermically with dried alcohols leading to the release of hydrogen
chloride.33 The reaction mixture, one equivalent acyl chloride with one equival-
ent alcohol, was stirred at room temperature overnight using dry toluene as sol-
vent (no side products were formed, Scheme 1), yielding the desired product
quantitatively.

The structures of ligands were confirmed by the NMR, IR, and ESI-HRMS
techniques. The first two are discussed in detail below. The following values
were obtained for the mass peaks of the protonated ligands [L+H]" with the
deviation from the calculated values shown in parenthesis: m/z 226.10738 (L2,
0.0 ppm), 270.13351 (L3, 0.3 ppm) , 212.09176 (L4, 0.3 ppm) and 345.14451
(L5, 0.1 ppm).

Structure and stability of LI-L3 and 1-3. The structures of all ligands opti-
mised at the B3LYP/6-311++G(d,p) level of theory are shown in Fig. 3. This
theory level was previously applied to optimize the similar compounds and the
spectra assignation.3%:35 As it can be seen, the structure of ligands L1-L3 con-
sists of an aromatic ring adjacent to the ester group and a flexible aliphatic chain
(Fig. 3). The planarity of the first part of the compounds is due to the elongated
delocalization between the aromatic ring and ester group. In this case, a strong
electron donation from the ester group to the aromatic ring is shown in the NBO
analysis below. To evaluate the validity of the chosen level of theory for the
structural determination of the obtained esters, the optimised bond lengths and
angles of previously published L116 were compared to those of pure isonicotinic
acid.3¢ This comparison was performed by calculating the mean absolute error
(MAE) between experimental and theoretical bond lengths and angles. This para-
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meter estimates the average absolute difference between two sets of data. The
MAE values obtained after the comparison are 0.02 A and 3.1° for bond lengths
and angles. The complete list of values is shown in the Supplementary material.
After a closer inspection of the data, it is clear that the differences are because
isonicotinic acid is in the zwitterionic form in the crystal structure, with the
amino group protonated and carboxyl group deprotonated, which leads to the
elongation of N—C bonds and equilibration of two C=0 bonds. Nevertheless,
these results show that the optimized structure resembles the expected crystallo-
graphic structure. In case of other two ligands, any significant changes in this
part of molecule are not expected. All of the C—O in the aliphatic chain have
uniform length of 1.43 A.

L1 tﬂ;‘ L2 . L3
‘ y j’V{# s ?4
,;HEJ ,G:J o0 9 ,'$.1,
I 9> ’
L4 LS

Fig. 3. Optimized ligand structures at B3LYP/6-311++G(d,p) level of theory.

The stability of ligands is governed by intramolecular interactions, as exam-
ined in the NBO framework. The most numerous interactions include n(C—C)—
—n*(C—C). These interactions have energies between 95 and 76 kJ mol~! (Table
S-1 of the Supplementary material). The nitrogen atom is part of the aromatic
ring, and its lone pairs are included in the stabilisation of the ring structure.
Interactions of the type m(C—N)—n*(C—C) and n(C—C)—n*(C—N) have energies
of 60 and 109 kJ mol-1, respectively. The lone pair of nitrogen atoms also stab-
ilise neighbouring C—C atoms, LP(N)—m*(C—C), with the energy of 41 kJ mol-!.
The carboxyl group interacts strongly with the aromatic ring. The interconnection
between the aromatic ring and carboxylic group is stabilised by the interaction
with an energy of 10 kJ mol-1. The planarity of this part of the molecule is
possible through strong LP(O)—n*(C—C) interaction with an energy of 75 kJ
mol-!. The strongest interactions are within the carboxyl group, LP(O)—>
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—n*(C-0), with an energy of 135 kJ mol~!. The rest of the aliphatic chain is
stabilised by much weaker interactions that allow free rotation of the groups. The
interactions in other ligands are not influenced by the elongation, as these groups
are interconnected by the oxygen atoms that act as electron donors to both sides
of a chain, but the leakage of electron density is not possible from one side to the
other.

The bond is formed between Ru(Il) and pyridine nitrogen atom upon com-
plexation. The predicted structures of complexes were optimized at B3LYP/6-
-31G(d,p)(H, C, O, N, Cl)/LanL2DZ (Ru) level of theory.37-3% In a previous con-
tribution, this level of theory was applied to [ {RuCl(n®-p-cymene)},(u-Cl)(u-1-
-N,N’-naphthyl)]Cl compound and it was shown that the optimised structure rep-
resented the crystallographic one well, with the detailed spectra assignment.!0
The optimised structure of 1, as a representative of the whole class 1-3 com-
plexes, is presented in Fig. 4. The optimised structure contains p-cymene and L1
ligand and two chlorine atoms bonded to Ru(Il). The resemblance between L1
and isonicotinoic acid was shown previously, and the same line of reasoning can
be applied to the expected similarity between the experimental and the theoretical
structures of p-cymene moiety.!0 The optimised Ru—Cl bonds have 2.43 and 2.45
A, almost identical to previously determined lengths in crystal structures of sim-
ilar compounds.*0 The Ru—N bond length is 2.18 A, similar to the previously dis-
cussed compounds. These bond lengths are not affected by the length of an ali-
phatic chain of ligands. The optimised bond angles CI-Ru—Cl and N—Ru—ClI are
90 and 64°, respectively. These angles, again, follow the experimentally deter-
mined values. The interactions between Ru(Il) and surrounding groups were ana-
lysed in the next paragraph through the NBO approach, with the compound 1
given as an example.

g o
> >
Sy g
/?}4 “3?14
)
}(a 9 (J
do é
o’ %
e ey
1 4
Fig. 4. Optimized structures of 1 and 4 at B3LYP/6-31+G(d,p)(H,C,N,O,Cl)/LanL2DZ(Ru)

level of theory (the following colours represent atoms: white — hydrogen, grey — carbon, blue
— nitrogen, green — chlorine, teal — ruthenium).
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The stabilisation interactions within the L.1 moiety within 1 are almost iden-
tical to those previously discussed. The p-cymene moiety contains an aromatic
ring with methyl and isopropyl groups. The strongest stabilisation interactions
within p-cymene denoted as m(C—C)—n*(C—-C), have energies between 46 and
55 kJ mol~! (Table S-I). The T electron cloud also interacts with Ru(II) through
m(C-C)—LP*(Ru), which includes different carbon-carbon pairs of the aromatic
ring. These interactions have energies between 60 and 80 kJ mol-!, proving the
Ru(Il)-p-cymene group’s stability. The interactions denoted as LP(Ru)—>n*(C-C)
were also observed with similar energies. The nitrogen atom of the pyridine ring
interacts with Ru(Il) through the interactions with an energy of 146 kJ mol-!.
The weak interactions denoted as LP(N)—c*(Ru—Cl) have energies of around 27
kJ mol-!. The carbon-nitrogen bonds stabilize the Ru(Il) through 1(C-N)—>
—LP*(Ru) interactions with energies of 50 kJ mol-l. The stabilisation inter-
action between nitrogen atom and Ru(Il) was observed in other compounds in
literature.#142 Chlorido ligands also interact with the central metal ion by donat-
ing electron pairs. These interactions between lone pairs, LP(Cl)—LP*(Ru), have
energies between 34 and 75 kJ mol~!. The weak interactions LP(Cl)—>o(Ru—Cl)
of several kJ mol-! stabilise the overall structure. Based on the given values, it
can be concluded that the donor atoms, namely chlorine, nitrogen, and aromatic
moiety, interact with Ru ions through interactions of similar strength. The ali-
phatic chain length does not influence these interactions as these groups are fur-
ther from the interacting nitrogen atom.

Experimental and theoretical NMR spectra. The synthesised L2-L3-HCI
ligands were characterised by NMR spectroscopy. Ligand precursor, previously
reported, L1-HCI and appropriate ruthenium(II) complex 116 were used for
comparison, and the results are given in the mentioned reference. The NMR
spectra were modelled for the structures optimized in DO and CDCIl3 to mimic
the experimental conditions. The theoretical chemical shifts were calculated rel-
ative to TMS. The experimental and theoretical values for the chemical shifts of
L1-HCI and 1, as representative examples, are given in Tables S-II and S-III of
the Supplementary material. These values were compared by calculating the
MAE and correlation coefficient for 'H- and 13C-NMR spectra. The atomic
enumeration is shown in Figs. 1 and 2, and it should be remembered that the
aromatic carbon atoms are symmetric; therefore, a lower number of resonances is
observed.

The results from Tables S-II and S-III show that the theoretical chemical
shifts are in agreement with the experimental ones. The calculated values were
overestimated, and the correction factor was obtained from the dependency
between experimental and theoretical values (0.94 for 'H- and 0.97 for !13C-
-NMR). When 'H-NMR spectra are concerned, the correlation factors between
the two sets of values were 0.97/0.99 for L1-HCI and 1. The MAE value was
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0.27 ppm in the case of L1-HCIl and 0.44 ppm in the case of 1. These high
correlation factors and low MAE values result from the relative rigidity of the
overall structure represented by aromatic rings and structures with elongated
delocalisation. These results prove the applicability of the selected level of theory
for the representation of the newly obtained Ru(Il) complexes. The lowest value
of chemical shifts was obtained for the methoxy group in the aliphatic chain
(3.48 ppm in the experimental and 3.28 ppm in the theoretical spectrum). The
proximity of oxygen atoms increased chemical shifts to 3.92 (OCH,) and 4.67
(COOCH,)) ppm in the experimental spectrum. These values are, on average, 0.3
ppm different in the theoretical spectrum. In the pyridine ring, the appropriate
chemical shifts are much higher and depend on the proximity of the nitrogen
atom. Two sets of resonances at 8.62 and 9.05 ppm represent the hydrogen atoms
in the experimental spectrum. Once the complex is formed, the largest difference
was observed for the hydrogen atoms adjacent to nitrogen (9.23 vs. 9.05 ppm,
and 7.86 vs. 8.62 ppm), proving that a new interaction between nitrogen and
Ru(Il) is formed, inducing the changes in the electron density of the ring. The
IH-NMR chemical shifts of protons form the p-cymene moiety have the expected
values common for other similar compounds.40

The 13C-NMR chemical shifts are more commonly used for the comparison
due to the lower possibility for rotation. In the ligand structure, the lowest chem-
ical shifts were obtained for the carbon atoms of the aliphatic chain (58.2
(OCH3), 65.9 (CH,OOC) and 69.6 (CH>0) ppm). These carbon atoms are loc-
ated at 62.8, 73.9, and 73.7 ppm in the theoretical spectrum. The presence of two
oxygen atoms in the carboxyl group significantly increases the chemical shift
value to 163.4 in the experimental and 161.4 ppm in the theoretical spectrum.
Carbon atoms of the pyridine ring also have the expected values. The carbon
atoms adjacent to nitrogen in the pyridine ring increase the chemical shift value
upon complexation (142.7 to 155.9 ppm). The rest of the carbon atoms retain the
position of the resonances present in L1-HCI. The same applies to chemical
shifts of carbon atoms in the p-cymene moiety.

Experimental and theoretical IR spectra. The experimental and theoretical
IR spectra were also compared in order to investigate the applicability of the
selected level of theory. The theoretical vibrational motion was visualised in
GausView,22 as previously mentioned. The theoretical wavenumber values were
overestimated, and the correction factors suggested by the National Institute for
Standards and Technology (NIST) for the given level of theory were used. The
IR spectra of L1-HCI and 1 will be discussed as the representative examples of
ligands L1-L3-HCIl and complexes 1-3. The detailed spectral characterisation
for other ligands and complexes is presented under the synthetic procedure and
characterisation in the previous Methodology section.
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The IR spectrum of L1-HCI contains four characteristic bands found at approx-
imately 1730, 1280, 1110 and 750 cm™!. The first band at 1730 cm™! in the exp-
erimental spectrum is assigned to the C=0 ester group vibration. In the theoret-
ical spectrum, this band is positioned at 1756 cm~!, which is well reproduced,
bearing in mind that the IR spectrum was recorded for a solid sample, and the
theoretical calculations were performed for an isolated compound. The band at
1280 cm! is a typical absorption band for carbon—oxygen single bonds in ether
and ester groups#3 This C—O stretching vibration in the theoretical spectrum is at
1270 cm~L. The strong, broad band at 1110/1123 cm™! in the experimental/theo-
retical spectra of L1-HCI corresponds to the ester/ether vibration. The band at
approximately 750 cm! results from vibrations of the pyridine ring in both spec-
tra but can be overlapped by carbon-hydrogen vibrations in the fingerprint region.#4

Further specific bands, which are weaker in the spectra, are observed near
3020 cm! for heteroaromatic vibrations and near 2980 cm~! for alkyl groups of
the poly(ethylene oxide) spacer.44 The positions of these bands are also similar in
the theoretical spectrum. In the IR spectrum of 1, the most prominent bands are
located at 1730, 1275 and 1119 cm!, almost identical to the previously discus-
sed values. A new strong band is positioned at 276 cm~!, corresponding to the
Ru—Cl stretching vibration. The similar values were obtained for the trichlorido-
triaquoruthenium(I1T) complex4.

2-(2-Hydroxyethoxy)ethyl ester of isonicotinic acid (L4-HCI) and corresponding
Ru(ll) complex (4)

Synthesis. The appropriate acyl chloride hydrochloride was obtained using
the modified method for L1-2HCI-L3-HCI. The synthesis is changed using
excess alcohol to the acyl chloride hydrochloride (6 eq.) in toluene. The crude
product is obtained as viscous oil with a high percentage of diethylene glycol and
small amounts of L1:2HCI or L4-2HCI. The product is extracted with acetone/
/diethyl ether (Vacetone! VEnno = 5:1) and precipitated with diethyl ether several
times. ESI-HRMS analysis was performed under the same conditions as L.1-HCL.
Results showed the expected mass peaks of the [M+H]*.

Structure and stability of L4-HCI and 4. The structures of L4-HCI and 4 are
presented in Figs. 3 and 4. The structure of L4-HCI greatly resembles the struc-
ture of L2-HCI, but the methoxy group is exchanged with the hydroxyl group.
This change is not expected to influence the stability and structural features of
the ligand significantly. The weaker stabilisation interaction was obtained in the
aliphatic chain (LP(O)—o(C—C)), with an energy of 4.8 in L4-HCl vs. 5.1 kJ
mol~! in L1-HCI (Table S-I). This change in the group does not influence the
complexation route and the geometry of the complex 4 compared to 2.

Experimental and theoretical NMR spectra. The experimental and theoret-
ical NMR spectra of L4-HCI and 4 also resemble those previously mentioned in
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L2-HCI and 2. The NMR chemical shifts of L4-HCI and 4 are presented in
Tables S-IV and S-V of the Supplementary material. As in the previous case, the
obtained values were overestimated, and the correction coefficients were deter-
mined as the slope in the dependency of experimental on theoretical values. In
the 'H-NMR spectrum of L4-HCI, four hydrogen atoms of the aliphatic chain
(HOCH,CH>) have the same chemical shifts at 3.77 ppm in the experimental
spectrum. In the theoretical spectrum, the chemical environments of these pro-
tons are different due to the calculations performed for the compounds in vacuum
and without free rotation. Other hydrogen atoms have their expected positions.
The hydrogen atom of the OH group was not observed in the experimental range.
The carbon atom adjacent to OH has a higher chemical shift value than the cor-
responding one with OCH3 group (in L2-HCI; 71.8 vs. 69.6 ppm). The MAE
values for 1H- and 13C-NMR spectra of L4-HCl are 0.24 and 4.1 ppm, with high
correlation coefficients (R > 0.98). Upon the formation of 4, the most notable dif-
ferences are observed in the chemical shifts of carbon atoms in the pyridine ring.
The MAE value for 13C-NMR chemical shifts is 4.5 ppm, with R equal to 0.98. A
higher R-value was calculated for lH-NMR chemical shifts of 4. These results
prove the applicability of the chosen level of theory for the representation of both
ligand and complex.

Experimental and theoretical IR spectra. The experimental and theoretical
IR spectra were compared as additional proof of the structural representation of
L4-HCI and 4. The same method was applied for the correction of theoretical
wavenumber values. The IR spectrum L4-HCI is characterised by a broad peak at
3350 cm! attributed to the O—H stretching vibration. In the theoretical spectrum,
this band is shown at 3737 cm~!. This difference is expected as the optimization
was performed on the isolated molecule in a vacuum. When the intermolecular
interactions are formed, the O—H bond length increases, and the wavenumber lowers.
The most intense peak is at 1730 in the experimental and 1755 cm™! in the theo-
retical spectra of L4-HCI, assigned to the C=O vibration. The vibrations of car-
bon-oxygen bonds at 1280 and 1110 cm! are similar to those previously discus-
sed for L1-HCI1. The heteroaromatic vibrations at 750 cm™! are observed in the
same region as the bands of other ligand precursors (L1-:2HCI-L3-HCI). These
results correlate well with all other synthesised esters. In the experimental and
theoretical spectra of 4, the bands of aliphatic and aromatic C—H stretching vibrat-
ions increase in intensity due to p-cymene moiety. The remaining bands are not
significantly affected except for forming new bands assigned to Ru—Cl vibrations.

2-[2-(2-Methylamino-benzoyloxy)ethoxy]ethyl isonicotinate (L5) and
corresponding Ru(Il) complex (35)

Synthesis. Ligand L5 was prepared in the reaction between L4-HCl and
methylisatoic acid anhydride in the presence of potassium carbonate, as pre-
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sented below. The reaction mixture was stirred for three hours at 60 °C in aceto-
nitrile, and the reaction progress was followed with thin-layer chromatography
(Scheme 2). Another reaction setup with toluene as solvent and at a higher tem-
perature yielded only small amounts of the desired product. The crude product
was purified by the centrifugally accelerated thin-layer chromatography with an
eluent system of dichloromethane and ethanol. The analysis with ESI-HRMS
resulted in the expected mass peak of the protonated molecule (m/z = 345.14451)
[M+H]*. The product was obtained in good yield (73 %).

0
0/_}0 H d CH4CN 0/_}20 — [{(p-cym)RuCl},] %'l Ru
4 /& [K2CO3] \_/ i-PrOH % Q
N N
L4-HCl L5 /_}z

Scheme 2. Preparation of the fluorescent ligand LS and corresponding
ruthenium(II) complex (5).

Structure and stability of L5 and 5. The optimised structures of L5 and 5 are
shown in Figs. 3 and 5. Ligand L5 has the most complex structure of the des-
cribed compounds, as there is an additional condensed structure of methylisatoic
acid moiety attached to the PEG chain. As previously discussed, the complex-
ation does not influence the stabilisation interactions within the ligand structure;
therefore, the NBO analysis of L5 and 5 is shown together. Besides stabilisation
interactions in the pyridine ring, aliphatic chain, and p-cymene moiety, strong
interactions were observed at the intersection of the aliphatic chain and methyl-
isatonic acid moiety. The lone pair on the carboxylic oxygen atom stabilises the
neighbouring C—O and C—C bonds by 132 and 71 kJ mol~!, respectively (Table
S-I). The adjacent oxygen atom stabilises the carboxylic group through the

Fig. 5. Optimized structure of 5 at B3LYP/6-31+G(d,p)(H,C,N,0,Cl)/LanL2DZ(Ru) level
of theory (the following colours represent atoms: white —hydrogen, grey — carbon,
blue — nitrogen, green — chlorine, teal — ruthenium).
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LP(O)—n*(C—0) interaction with energy equal to 105 kJ mol~!. The stabilisat-
ion interactions within the aromatic ring have similar energies to those of pyri-
dine and p-cymene moieties, between 45 and 55 kJ mol~!. The nitrogen atom inc-
reases the stability of this ring through the positive resonance effect and the elec-
tron delocalisation. Including these groups does not influence the part of the lig-
and directly attached to Ru(Il), as there is a long chain with the electronegative
atom intersections that prevents electron delocalisation through the entire mole-
cule. The structure of the ligand and the corresponding complex is further ana-
lysed by NMR and IR spectroscopies.

Experimental and theoretical NMR spectra. The NMR spectra of L5 and 5
are given in the Supplementary material (Tables S-VI and S-VII). The H-NMR
spectrum of 5 shows several changes and additional resonances compared to the
characterised ligand precursor (L4-HCI). First, the resonances of the isonicotin-
ate moiety are shifted to a higher field (Ad(H2) = —0.3 ppm, A6(H3) = —0.8 ppm).
The corresponding carbon atoms give resonances, which are observed in almost
the same position as the earlier discussed free ligands (L5: 6(C2) = 149.8 ppm,
6(C3) = 123.4 ppm, L4-HCl: 6(C2) = 149.4 ppm, 5(C3) = 123.0 ppm). Addition-
ally to the previously described ligand precursors herein, in 13C-NMR spectra
there is the presence of two chemical shifts above 160 ppm (164.9 and 168.5
ppm) corresponding to COO and CON groups from isonicotinic and methylisa-
toic moieties, respectively. Two resonances near 4.5 ppm are assigned to protons,
which directly bond to the ester groups and show no coupling with each other.
More resonances are observed for the new aromatic system, the fluorescent
group. The chemical shifts belonging to the aromatic regions of the fluorescent
moiety range from 6.5-7.9 ppm. One doublet of the fluorescent moiety is shifted
to approximately 7.9 ppm (compared to methylisatoic acid anhydride) and over-
laps with the doublet of the isonicotinate group at 7.8 ppm. Another resonance
for the methyl group bound to the nitrogen atom of the amine pendant group is
found at 2.9 ppm. The theoretical spectrum of LS at B3LYP/6-311++G(d,p) level
of theory reproduces well the experimental one. The MAE values for 1H- and
I3C-NMR spectra are 0.40 and 4.3 ppm, which aligns with the previous predict-
ions of other ligands. The most notable differences in the calculated spectrum
were observed for the carboxyl carbon atoms, averaging 6 ppm. When 5 is
formed, the differences in chemical shifts were obtained for the carbon atoms
adjacent to the nitrogen atom of the pyridine ring. These shifts were 6 ppm
(149.8 in LS and 155.9 ppm in 5). The rest of the carbon and hydrogen atoms do
not show significant changes. The correlation coefficients between the experim-
ental and the theoretical chemical shifts are 0.94 and 0.95 for 'H- and 13C-
-spectra, with MAE values of 0.79 and 6.0 ppm. These results again prove the
theoretical representation of ligand and complex, even when the elongated struc-
ture of LS is concerned.
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Experimental and theoretical IR spectra. In addition to the specific bands
observed at 1718 cm! for the carbonyl group of the isonicotinate part, at 1260
and 1120 cm™! for carbon—oxygen bonds and 750 cm~! for aromatic bending vib-
rations, two strong bands are significant for this ligand precursor. The first new
sharp band at 3370 cm! can be assigned to a stretching vibration of the second-
ary amine.*3 This band is located at 3382 cm™! (scaled) in the theoretical spec-
trum. The difference of 18 cm~! is due to the physical state of the recorded
sample, but it is still within the expected difference. The second strong band at
1684 cm! is generated by the carbonyl stretching vibration of the newly formed
ester bond of the fluorescent benzene ring and is observed in other esters of N-
-methylisatoic anhydride, t00.4647 The band assigned to this vibration in the
theoretical spectrum is 1648 cm~1. The vibration of this carboxyl group is lower
than the one previously observed in ligands L.1-L.4-HCI due to the proximity of
the aromatic ring, which extends the electron delocalisation and elongates the
respective C=0 band. These bands characteristic of ligand are positioned at 3372
and 1676 cm™! in the experimental spectrum of 5, which proves the assumption
that this part of the ligand is not under the influence of metal ions, as shown
previously in the NMR spectrum. In the theoretical spectrum, these wavenumbers
are higher for several cm~! but within the expected range.

Experimental and theoretical UV-Vis/fluorescence spectra of L5. The UV—
—Vis and fluorescence spectra of L5 and 5 in CHCl3 are presented in Fig. 6. The
UV-Vis spectrum of L5 has a broad peak at 355 nm. The emission spectrum is
measured with an excitation wavelength of 372 nm and in a range from 387-550
nm. The excitation pattern was analysed with an emission wavelength of 418 nm
from 200—400 nm. Ligand L5 shows a broad excitation spectrum, and the max-
imum excitation intensity is at 371 nm, additionally, two shoulders are observed
at 342 and 266 nm. The first shoulder at a lower wavelength shows a high inten-
sity and reaches 89 % of the intensity of the peak at 371 nm. The second shoulder
is weaker and reaches only 24 % of the highest intensity. Due to these two shoul-
ders, the excitation spectrum ranges approximately 160 nm (240—400 nm). Com-
plex 5 shows peaks at the same position, just their intensity is much lower that of
those in L5 spectrum. Similarity in position can be explained by the weak influ-
ence of the metal ion on the overall electron density of the groups included in the
transitions. The decrease in intensity is due to the competing deactivation pro-
cesses and the energy dissipation through vibration and partial rotation.

The structure of L5 optimized at B3LYP/6-311++G(d,p) level of theory in
CHCI; was used to predict the electronic spectrum. In the range of experimental
values, the theoretical spectrum is dominated by an intensive peak at 344 nm,
assigned to HOMO—LUMO (99 %) transition, with an oscillator strength of
0.1283. The calculated wavelength differs by around 10 nm from the experim-
ental one, and it can be assumed that the interactions with the solvent would inf-
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luence an additional shift in the spectrum, although strong interactions with
CHClI3 are not expected due to the low solvent’s low dipole moment. In the theo-
retical spectrum of 5 a much higher number of weak transitions can be observed.
These transitions are attributed to the metal-ligand electron transitions. The most
intense transition is positioned at 360 nm, with the oscillator strength of 0.1165,
denoted as HOMO—LUMO+3 (97 %). This result shows that the experimental
value of 355 nm is well-reproduced in the theoretical spectrum of 5. Also, a shift
between theoretical values of transitions assigned to ligand can be a consequence
of the level of theory used and change in electron density upon complexation.
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CONCLUSION

Ligands L.2-1.4-HCI were prepared in the reaction between appropriate acyl
chloride and dried alcohols. The theoretical structures, including already reported
L1-HCI, were obtained at the B3LYP/6-31+G(d,p)(H,C,N,0,Cl)/LanL2DZ(Ru)
level of theory. Due to the elongated delocalisation between the aromatic ring
and ester group, the strongest stabilisation interactions included w(C—C)—
—>1*(C—C) and LP(O)—n*(C—C), as determined by the NBO approach. The pyr-
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idine ring was also stabilised by the LP(N)—n*(C—C), with an energy of 41 kJ
mol~!. The bond is formed between Ru(Il) and pyridine nitrogen upon complex-
ation. Two Ru—ClI bonds have 2.43 and 2.45 A, while the Ru—N bond length was
2.18 A. The optimised bond angles were in the expected range. High correlation
coefficients (>0.98) were calculated for the experimental and theoretical 1H- and
I3C-NMR chemical shifts. As a representative example, the MAE values were
0.23 and 4.3 ppm for 1H- and 13C-NMR spectra of L1. The IR spectra were well
reproduced, with differences explained by the physical state of the substance.
The NMR and IR spectra of L4-HCI and the corresponding complex 4 also pro-
ved the applicability of the chosen theory of level. The additional moiety in lig-
and LS5 led to high-intensity fluorescent emission. This group was stabilised by
the interactions between carboxyl group and m-electron cloud of aromatic ring.
The fluorescence emission peak of L5 was obtained at 372 nm for the excitation
wavelength of 418 nm. The experimental and theoretical wavelengths of the most
intense transition in the UV—Vis spectrum of L5 were 355 and 344 nm, respect-
ively. Much more successful overlap between the experimental and the theoret-
ical values was obtained for the UV—Vis spectrum of 5, with 5 nm difference.
This difference was explained by the stabilisation due to the solvent-solute inter-
actions. As the stability and the structure of these compounds were obtained, fur-
ther biological activity studies are advised.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12353, or from the correspond-
ing author on request.

U3BOJ
CHUHTE3A, CIIEKTPOCKOIICKA U DFT AHAJIM3A
IUXJIIOPULO(75-p-UMMEH)PYTEHUIY M(11) KOMILIJIEKCA CA
HN30HHUKOTUHAT-TIOJIMETHUJIEH ITTMKOJI ECTAPCKHMM JIMTAHIUMA

THOMAS EICHHORN!, IYILIAH JUMWR?, 30PAH MAPKOBUR? u TOPAH H. KAJTTYREPOBUR!
'Department of Engineering and Natural Sciences, University of Applied Sciences Merseburg, Eberhard-Leib-
nitz-Strafe 2, 06217 Merseburg, Germany, *Ynueepsutieiu y beoipagy, @axyniueii 3a Qusuuxy xemujy,
Cuygenwucku wpt 12—16, 11000 Beoipag *Hncmiuiityi 3 unpopmayuone exnonoiuje, Ynugepsuiieid y
Kpaiyjesuy, Josana Lleujuha 66, 34000 Kpaiyjesay,

Kommnekcu pyTeHHjyMa Cy 3HayajHU 300Tr pyTEeHHjyMOBe CIMYHOCTH TBOXDY, Mame TOK-
CUYHOCTH, U Behe aHTHKaHIep eUKACHOCTH. Y OBOM paly, NeT HOBUX M30HUKOTHHAT-TIOMH-
eTUIeH-TJINKOJI eCTAPCKUX JIMTAHAZa je CHHTeTUCAaHO U okapakTepucaHo NMR u IC cnekpo-
ckonujama. Ogrosapajyhu Ru(Il) koMruiexcu cy Takohe 1odUjeHH U BUX0BA CTPYKTYpa Ofpe-
heHna cranpmapmHuM metonama. OnTuMu3auyja cTpykType je ypahena Ha B3LYP/6-31+G(d,p)
Huoy Teopuje 3a H, C, N u O arome u B3LYP/LanL2DZ 3a Ru. UHTpamorekysicke cTaduiu-
3allMOHe WHTEepaKlUje Cy MCIIWTaHe aHaJW30M NMPUPONHUX opduTana. XeMUjCcKd MOMEpPAjU y
NMR cnekrpuma cy npensuhenu GIAO (gauge independent atomic orbital) METOIOM H yIO-
peheHn ca exkcrnepUMeHTaJTHMM BpeJHOCTHMAa. BHcoku KoedHIMjeHT Kopenainuje U HHCKa
cpenwma BPENHOCT aICONMyTHE pasnuke uaMely OBUX CKyNoBa BPEIHOCTH JIOKa3yjy fAa INpef-
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BuheHe CTpykType Hodpo omucyjy exkcrnepumeHTanHe. TeopHjcku W ekcriepumeHTanHu IC
cnexTpu cy Takohe ynopeheHnu, a pasnuke y mongoxajuma Tpaka odjallmeHe. JemaH o[ JUra-
Haga (L5) u xomiuiekca (5) je nokasao ¢ayopeclieHTHE 0coduHe 300r MpUCycTBa MeTUINCa-
TOWYHe rpyme. ENeKTPOHCKH CIeKTPH OBOT jeNHHeHma Cy MOIENIOBAaHH BPEMEHCKH 3aBHCHOM
DFT metonmom. Pasnuka of 11 nm usmel)y ekciepruMeHTa IHe U TEOPHjCKe TajlaCHE AyKHHE je
objammeHa MHTepakiujama usmely pacTBopka U pacTBapaua. 3a OBY CEPHjy jeAumerma Cy
npenopyyeHe fabe OUONOLIKE U TEOPUjCKE aHAIU3E.

(ITpumsbeHo 12. anpuia, peBUAKPaHO 26. jyHa, mpuxsahexo 18. centembpa 2023)
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ANALYTICAL AND SPECTRAL DATA OF THE SYNTHESIZED COMPOUNDS
2-(2-Methoxyethoxy)ethyl iso-nicotinate hydrochloride (L2-HCI)

Properties: Viscous, hygroscopic oil; soluble in water, methanol, ethanol, isopropanol,
insoluble in diethyl ether.

'H-NMR (400 MHz, D,0): § 3.33 (s, 3H, OCHjs), 3.63, 3.74 (m, 4H, CH;0CH,CH,),
3.95 (m, 2H, COOCH,CH,), 4.63 (m, 2H, COOCH,), 8.59 (d, 3Jyy = 6.8 Hz, 2H, H°), 9.03
(d, 3Jyu = 6.8 Hz, 2H, H?). 3*C-NMR (100 MHz, D,0): § 58.0 (CH30), 66.0 (CH,00C),
68.1, 69.5, 70.9 (CH,0), 126.9 (C?), 142.6 (C?), 145.9 (C*), 163.2 (COO). ESI-HRMS
(CH;0H), positive mode: Calcd for [C;1H;¢NO4]* 226.10738, m/z 226.10738 [M+H]*. IR: v
(cm™) 3068(w), 2877(w), 2400(b), 2100(w), 2022(w), 1916(w), 1731(s), 1635(w), 1605(m),
1501(w), 1450(w), 1282(s), 1239(m), 1198(w), 1100(s), 998(m), 845(m), 754(s), 684(m),
359(w). Yield: 88%.

2-[2-(2-Methoxyethoxy)ethoxy]ethyl iso-nicotinate hydrochloride (L3-HCI)

Properties: Viscous, hygroscopic oil; soluble in water, methanol, ethanol, isopropanol,
chloroform, and dichloromethane, insoluble in diethyl ether.

'H-NMR (400 MHz, D,0O): & 3.35 (s, 3H, OCHj5), 3.60, 3.70, 3.72, 3.79 (m, 8H,
OCH,CH,0), 3.98 (m, 2H, COOCH,CH,), 4.66 (m, 2H, COOCH,), 8.62 (d, 3/ = 6.8 Hz,
2H, H?), 9.04 (d, 3Jyy = 6.8 Hz, 2H, H?). 3C-NMR (100 MHz, D,0): § 58.0 (CH;0), 66.1
(CH,00C), 68.2, 69.4, 69.5, 69.7, 70.9 (CH,0), 127.0 (C?), 142.6 (C?), 145.9 (C%), 163.3
(CO0). ESI-HRMS (CH30H), positive mode: Caled for [C;3HyoNOs]™ 270.13360, m/z
270.13351 [M+H]". IR: v (cm™) 3073(w), 2875(w), 2400(b), 2100(w), 2026(w), 1916(w),
1730(s), 1635(w), 1607(m), 1500(w), 1450(w), 1282(s), 1239(m), 1198(w), 1098(s), 998(m),
845(m), 758(s), 685(m), 363(w). Yield: 95%.

* Corresponding author. E-mail: goran.kaluderovic@hs-merseburg.de

S399



S400 EICHHORN et al.

2-(2-Hydroxyethoxy)ethyl isonicotinate hydrochloride (L4-HCI)

Properties: Viscous, colourless oil; soluble in water, methanol, ethanol, isopropanol,
acetone, chloroform, and dichloromethane, insoluble in diethyl ether.

'TH-NMR (400 MHz, D,0): § 3.77 (m, 4H, HOCH,CH,), 4.00 (m, 2H, COOCH,CH,),
4.69 (m, 2H, COOCH,), 8.60 (d, 3JH,H = 6.8 Hz, 2H, H%), 9.04 (d, *Jy g = 6.8 Hz, 2H, H?).
13BC-NMR (100 MHz, D,0): § 60.3 (CH,0OH), 66.1 (CH,00C), 68.1 (CH,CH,00C), 71.8
(CH,CH20H), 126.9 (C?), 142.7 (C?), 145.9 (C%), 163.4 (COO). ESI-HRMS (CH;0H),
positive mode: Caled for [C,oH4NO,]" 212.09173, m/z 212.09176 [M+H]". IR: v (cm!)
3350(b), 3080(w), 2872(w), 2440(b), 2100(w), 1730(s), 1637(w), 1604(w), 1502(w), 1451(w),
1404(w), 1282(s), 1119(s), 1068(m), 1002(m), 925(w), 889(w), 839(m), 754(s), 678(m),
520(w), 357(w), 255(w).
2-[2-(2-Methylamino-benzoyloxy)ethoxy]ethyl iso-nicotinate (L5)

Properties: Viscous oil, which crystallized upon standing, soluble in methanol, ethanol,
isopropanol, chloroform, and dichloromethane, and insoluble in diethyl ether and water.

'H-NMR (400 MHz, CDCIl5): 5 2.89 (s, 3H, NCHs), 3.87 (m, 4H, OCH,), 4.43, 4.53 (t,
3Jiun = 6.8 Hz, 4H, COOCH),), 6.53 (t, *Jyy = 7.6 Hz, 1H, H°), 6.65 (d, 3JH,H = 8.5 Hz, 1H,
H'),7.37 (ddd, 3JH8’H7 =7.8 Hz, 3JH8,H9 =7.1 Hz, 4JH8’H10 = 1.7 Hz, 1H, H®), 7.84 (d, 3JH,H =
6.0 HZ, 2H, H3), 7.88 (dd, 3JH10,H9 =8.0 HZ, 4JH10,H8 =1.6 Hz 1H, Hl())’ 8.71 (d, 3JH,H =6.1
Hz, 2H, H?). 3C-NMR (100 MHz, CDCl5): & 29.7 (NCH3), 63.2, 65.0 (CH,00C), 69.0, 69.4
(CH,CH,00C), 109.7 (C%), 110.9 (C7), 114.5 (C?), 123.4 (C?), 131.7 (C'9), 135.0 (C?), 138.1
(CH, 149.8 (C?), 152.2 (CY), 164.9, 168.5 (COO). ESI-HRMS (CH;OH), positive mode:
Calcd for [C gH, N,Os]" 345.14450, m/z 345.14451 [M+H]". IR: v (cm™!) 3372(m), 2950(w),
2885(w), 2825(w), 1718(s), 1684(s), 1603(w), 1580(m), 1518(m), 1454(w), 1431(m),
1408(m), 1375(m), 1322(m), 1278(m), 1261(s), 1243(s), 1180(s), 1134(s), 1117(s), 1093(s),
1063(m), 1040(m), 1021(m), 952(m), 894(w), 877(w), 867(w), 850(w), 753(s), 700(s),
675(m), 605(m), 575(m), 533(m), 512(m), 275(m), 217 (w). UV-vis (1.74x10~* M, CHCl,,
298 K): Apax 358 nm (g = 5747 M1 cm ™).

Dichlorido%-p-cymene)(diethylene glycol monomethyl ether isonicotinate-xN)ruthenium(Il)
2)

Properties: Orange  powder; soluble in chloroform, dichloromethane,
dimethylformamide, acetone, and acetonitrile, moderately soluble in methanol, ethanol,
isopropanol, and tetrahydrofuran, insoluble in diethyl ether and toluene.

EA: Anal. Found: C, 47.00; H, 5.18; N, 2.65. Calcd for C,;HygCl,NO4Ru (531.43): C,
47.46; H, 5.50; N, 2.64. 'H-NMR (400 MHz, CDCl;): 5 1.31 (d, *Jyy = 7.0 Hz, 6H,
CH(CHs;),), 2.09 (s, 3H, CCHj;), 2.98 (sept, 3JH,H = 7.0 Hz, 1H, CH(CHj3),), 3.38 (s, 3H,
OCHj,), 3.56, 3.68 (m, 4H, OCH,), 3.83 (t, 3JH,H =4.7 Hz, 2H, COOCH,CH,), 4.53 (4, 3JH,H =
4.6 Hz, 2H, COOCH,), 5.23 (d, 3JH,H = 5.9 Hz, 2H, CHCCHj3), 5.45 (d, 3JH,H = 5.8 Hz, 2H,
CHCHCCHy;), 7.85 (d, 3JH,H = 6.5 Hz, 2H, i), 9.23 (d, 3JH,H = 6.5 Hz, 2H, H?). BC-NMR
(100 MHz, CDCly): 6 18.4 (CCHj3), 22.4 (C(CHjs),), 30.8 (C(CHj),), 59.2 (CH;0), 65.1
(CH,00C), 70.3 (CH,0), 82.5, 83.3 (CH), 97.5, 103.9 (CCH), 123.7 (C?), 138.7 (C*), 155.9
(C?), 163.9 (COO). ESI-HRMS (CH;0H), positive mode: Caled for [C,1H,gCINO,*Ru]"
490.08556, m/z 490.08544 [M-CI]*. IR: v (cml) 3062(w), 2964(w), 2878(w), 1728(s),
1556(w), 1468(w), 1451(w), 1414(m), 1377(w), 1323(w), 1275(s), 1228(w), 1202(w),
1107(s), 1056(m), 1027(m), 863(m), 769(m), 695(m), 659(w), 451(w), 371(w), 284(s), 232(s).
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DichloridomS-p-cymene)(triethylene glycol monomethyl ether iso-nicotinate-xN)ruthenium(II)
3)

Properties: ~ Orange  powder;  soluble in  chloroform, dichloromethane,
dimethylformamide, acetone, and acetonitrile, moderately soluble in methanol, ethanol,
isopropanol, and tetrahydrofuran, insoluble in diethyl ether and toluene.

EA: Anal. Found: C, 47.58; H, 5.31; N, 2.47. Calcd for C,3H33Cl,NOsRu (575.49): C,
48.00; H, 5.78; N, 2.43. 'H-NMR (400 MHz, CDCl3): § 1.31 (d, *Jyy = 6.9 Hz, 6H,
CH(CHs),), 2.09 (s, 3H, CCH3), 2.98 (sept, *Jyy = 6.9 Hz, 1H, CH(CH3),), 3.37 (s, 3H,
OCH,), 3.54, 3.64, 3.67, 3.68 (m, 8H, OCH,), 3.83 (t, *Jyy = 4.6 Hz, 2H, COOCH,CH,),
4.52 (t, 3y g = 4.6 Hz, 2H, COOCH,), 5.23 (d, 3/ q = 5.9 Hz, 2H, CHCCHj), 5.45 (d, *Jyn
= 5.9 Hz, 2H, CHCHCCHjy), 7.85 (d, 3Jyu = 6.5 Hz, 2H, H°), 9.22 (d, 3Jyu = 6.5 Hz, 2H,
H?). BC-NMR (100 MHz, CDCly): § 18.4 (CCHjy), 22.4 (C(CHz),), 30.8 (C(CH3),), 59.2
(CH;0), 65.5 (CH,000), 69.0, 70.7, 70.8, 70.8, 72.1 (CH,0), 82.5, 83.2 (CH), 97.5, 103.9
(CCH), 123.7 (C?), 138.8 (C%), 155.9 (C?), 163.9 (COO). ESI-HRMS (CH;O0H), positive
mode: Calcd for [C,3H33CINOS*Ru]t 534.11178, m/z 534.11174 [M-CI]™. IR: v (cm™)
3063(w), 2964(w), 2876(w), 1732(s), 1556(w), 1475(w), 1451(w), 1414(m), 1367(w),
1319(w), 1279(s), 1202(w), 1144(m), 1104(s), 1090(s), 1053(m), 1028(m), 947(w), 867(m),
849(m), 802(w), 769(m), 695(m), 659(w), 518(w), 455(w), 371(w), 283(s), 232(s).
Dichloridomb-p-cymene)((3-oxa-5-hydroxy)-pentyl isonicotinate-xN)ruthenium(Il) (4)

Properties: Orange  powder; soluble in chloroform, dichloromethane,
dimethylformamide, acetone, and acetonitrile, moderately soluble in methanol, ethanol,
isopropanol, and tetrahydrofuran, insoluble in diethyl ether and toluene.

EA: Anal. Found: C, 45.98; H, 5.16; N, 2.70. Calcd for C,,H,,Cl,NO4Ru (518.21): C,
46.36; H, 5.25; N, 2.70. 'H-NMR (400 MHz, CDCl3): § 1.32 (d, *Jyy = 6.9 Hz, 6H,
CH(CHs),), 2.10 (s, 3H, CCHs), 2.99 (sept, 3Jy iy = 6.9 Hz, 1H, CH(CHsy),), 3.64, 3.76, 3.85
(m, 6H, OCH,), 4.54 (m, 2H, COOCH,), 5.24 (d, 3/ = 5.9 Hz, 2H, CHCCHj), 5.46 (d,
3Junu = 5.8 Hz, 2H, CHCHCCH3), 7.85 (d, 3/ = 6.4 Hz, 2H, H°), 9.24 (d, 3JH,H = 6.4 Hz,
2H, H?). BC-NMR (100 MHz, CDCl5): & 18.4 (CCHj3), 22.4 (C(CH3),), 30.8 (C(CH3),), 61.9,
65.4, 63.9, 72.6 (CH,0), 82.5, 83.2 (CH), 97.6, 104.0 (CCH), 123.7 (C?), 138.7 (C*), 156.0
(C?), 164.0 (COO). ESI-HRMS (CH;0H), positive mode: Caled for [C,oH,,CINO,Ru]"
476.06991, m/z 476.06973 [M-CI]*. IR: v (cm™) 3450(b), 3063(w), 2962(w), 2878(w),
1728(s), 1471(w), 1414(m), 1382(w), 1323(w), 1278(s), 1228(m), 1120(s), 1061(s), 932(w),
866(m), 800(w), 771(s), 698(m), 659(w), 451(w), 400(w), 371(w), 355(w), 286(s), 233(s).
Dichloridom%-p-cymene) [2-{ 2-(2-methylamino-benzoyloxy)-ethoxy}-ethyl
isonicotinate-kN Jruthenium(Il) (5)

Properties: Yellow powder; soluble in chloroform, dichloromethane, moderately soluble
in methanol, ethanol, isopropanol, insoluble in diethyl ether.

EA: Anal. Found: C, 51.83; H, 4.99; N, 4.09. Calcd for C,3H34C1,N,O5Ru (650.56): C,
51.70; H, 5.27; N, 4.31. 'H-NMR (400 MHz, CDCl3): § 1.30 (d, *Jyy = 6.9 Hz, 6H,
CH(CHs),), 2.07 (s, 3H, CCH3), 2.90 (s, 3H, NCH;), 2.97 (sept, 3Jyy = 6.9 Hz, 1H,
CH(CHs),), 3.86 (m, 4H, OCH,), 4.43, 4.52 (m, 4H, COOCH,CH,), 5.21 (d, *Jyy = 5.5 Hz,
2H, CHCCHjy), 5.44 (d, 3Jyy = 5.5 Hz, 2H, CHCHCCHj), 6.59 (t, 3JH,H =17.5 Hz, 1H, HY),
6.69 (d, *Jyy = 8.3 Hz, 1H, H"), 7.40 (t, *Jyy = 7.8 Hz, 1H, H®), 7.79 (d, 3/ = 5.8 Hz, 2H,
H?),7.90 (d, 3y = 8.0 Hz, 1H, H'9), 9.17 (d, 3/ = 5.8 Hz, 2H, H?). 3C-NMR (100 MHz,
CDCl): & 18.3 (CCHjy), 22.4 (C(CHs),), 29.8 ((b), NCHj3), 30.8 (C(CHs),), 63.2, 65.3
(CH,000), 68.9, 69.4 (CH,0CH,), 82.5, 83.2 (CHyp,), 97.5, 103.9 (CCHgypn), 109.8 ((b),
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C9), 1112 ((b), C7), 114.7 ((b), C?), 123.6 (C?), 131.6 (C'0), 135.0 (C?), 138.6 (C*), 1522
((b), C), 155.9 (C?), 163.9, 168.4 (COO). ESI-HRMS (CH;0H), positive mode: Calcd for
[CgH3,CIN,ORU]* 609.12267, m/z 609.12286 [M-CIJ*. IR: v (cm!) 3372(w), 3059(w),
2964(w), 2872(w), 2819(w), 1734(s), 1676(s), 1604(w), 1576(m), 1516(m), 1442(w),
1413(m), 1378(w), 1322(w), 1278(s), 1236(s), 1120(s), 1084(s), 1057(m), 948(w), 858(m),
762(s), 702(s), 662(w), 528(m), 283(s), 234(s). UV-vis (7.01x10-5 M, CHCls, 298 K): Ay
351 nm (e = 11689 Mxcm™). Fluorescence (7.01x1073 M, CHCls, 298 K): Apax. excitation 367
nm, }"max, emission 418 nm.

Table S-I. Second order perturbation theory parameters and occupancies for the selected
interactions within investigated ligands and complexes

Ll
. . E2/
Donor (i) Acceptor (j) \J mol-1
(C—C) *(C—C) 76
(C—C) *(C—C) 95
1(C-N) *(C—C) 60
(C—C) *(C—N) 109
LP(N) *(C—C) 41
LP(0) *(C—C) 75
LP(0) *(C—0) 135
1
(C—C) *(C—C) 46
(C—C) *(C—C) 55
(C—C) LP*(Ru) 60
1(C—C) LP*(Ru) 80
LP(N) o*(Ru—Cl) 27
(C—N) LP*(Ru) 50
LP(C]) LP*(Ru) 34
LP(C]) LP*(Ru) 75
LP(C]) o(Ru—Cl) 5
L4
LP(0) o(C—C) | 4.8
L5
LP(0) o(C—C) 71
LP(0) o(C-0) 132
LP(O) *(C—0) 105
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TABLE S-II. Experimental and theoretical '*C-NMR chemical shifts (in ppm) of L1 and 1

Carbon atom Ligand L1-HCI Complex 1
Experimental Theoretical Experimental Theoretical
c? 142.7 140.8 155.9 148.8
c? 126.9 127.5 123.7 118.0
ct 145.7 145.0 138.8 136.2
CH;0 58.2 62.8 59.2 58.0
CH,00C 65.9 73.9 65.5 67.8
CH,0 69.6 73.7 69.0 69.7
COO 163.4 158.6 163.9 159.2
CCH3 18.4 18.9
C(CH3)2 224 22.7
C(CH3)2 30.8 35.5
Carm 70.8 83.2
Carm 72.1 83.6
Cam 82.5 84.5
Carm 83.3 86.9
CH 97.5 99.9
CCH 103.9 111.4
R 0.99 R 0.98
MAE [ppm] 3.5 MAE [ppm] 4.6

Table S-III. Experimental and theoretical 'TH NMR chemical shifts (in ppm) of L1-HCl and 1

Hydrogen atom Ligand L1-HC1 Complex 1

yarog Experimental Theoretical Experimental Theoretical
OCH; 3.48 3.28 342 3.39
OCH, 3.92 3.60 3.72 3.55
COOCH, 4.67 431 4.52 4.17
C-H 8.62 8.61 7.86 7.62
C>-H 9.05 8.61 9.23 8.64
CH(CHz), 1.31 1.31
CCH; 2.09 1.67
CH(CHjy), 2.98 3.00
Cam—H 5.23 4.69
Cam—H 5.45 4.95
R 0.97 R 0.99

MAE [ppm] 0.27 MAE [ppm] 0.44
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Table S-TV. Experimental and theoretical 13C NMR chemical shifts (in ppm) of L4-HCI and 4

L4-HCI 4

Carbon atom Experimental Theoretical Experimental Theoretical
Cc? 142.7 155.2 156.0 150.9
c 126.9 127.5 138.7 119.5
ct 145.9 141.1 123.7 1343
CH,CH,0H 71.8 67.4 72.6 73.4
CH,CH,00C 68.1 63.8 65.4 66.7
CH,00C 66.1 62.9 68.9 68.5
CH,0OH 60.3 59.2 61.9 60.4
COO 163.4 161.7 164.0 1614
CCH3 184 18.8
C(CH3)2 224 27.2
C(CH3)2 30.8 359
Cam 82.5 84.4
Cam 82.5 85.34
Cam 83.2 85.9
Cam 83.2 87.0
CH 97.6 100.6
CCH 104.0 114.1
R 0.98 R 0.98

MAE [ppm] 4.1 MAE [ppm] 4.5

Table S-V. Experimental and theoretical 'H NMR chemical shifts (in ppm) of L4-HCI and 4

Hydrogen atom - L4-HCl - - 4 -
Experimental Theoretical Experimental Theoretical

OCH, 3.77 3.71 3.85 3.96
HOCH,CH, 3.77 3.55 3.64 3.93
COOCH,CH2 4.00 3.74 3.76 3.87
COOCH, 4.69 44.26 4.54 4.45
C-H 8.60 8.64 9.24 9.13
C2-H 9.04 9.45 7.85 8.09
CH(CH»), 1.32 1.38
CCH; 2.10 1.81
CH(CHy), 2.99 3.21
Coym-H 5.24 5.01
Coym-H 5.46 5.21

R 0.99 R 0.99

MAE [ppm] 0.24 MAE [ppm] 0.18
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Table S-VI. Experimental and theoretical 13C NMR chemical shifts (in ppm) of L5 and 5

Carbon atom - LS : - S -
Experimental Theoretical Experimental Theoretical

Cc? 149.8 148.5 155.9 151.1

c 123.4 123.4 123.6 119.7

ct 138.1 136.2 138.6 1344

c’ 109.7 127.6 109.8 128.7

c 152.2 150.9 152.2 126.0

c’ 110.9 110.3 111.2 125.1

c8 135.0 135.7 135.0 127.7

c® 114.5 130.8 114.7 1239

clo 131.7 129.6 131.6 122.7

NCH3 29.7 29.1 29.8 29.7

CH,CH,00C 69.4 67.2 69.4 68.6

CH,00C 65.0 64.0 65.3 67.3

CH,CH,00C 69.0 62.8 68.9 72.3

CH,00C 63.2 61.1 63.2 69.3

COO 168.5 164.2 168.4 169.4

COO 164.9 156.2 163.9 161.7

CCH; 18.3 19.1

C(CHy), 224 22.8

C(CH3), 30.8 36.3

Cam 82.5 85.2

Cam 82.5 85.2

Carm 83.2 85.8

Cam 83.2 88.3

CH 97.5 1143

CCH 103.9 102.5

R 0.96 R 0.95

MAE [ppm] 4.2 MAE [ppm] 6.0
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Table S-VII. Experimental and theoretical '"H NMR chemical shifts (in ppm) of L5 and 5

Hydrogen atom - L3 - - S -
Experimental Theoretical Experimental Theoretical
NCH; 2.89 2.53 2.90 2.69
OCH, 3.87 3.88 3.86 2.85
COOCH,CH, 4.43 3.44 4.43 3.27
COOCH,CH, 4.53 3.51 4.52 3.40
C-H 7.84 8.23 7.79 7.07
C>-H 8.71 9.05 9.17 8.16
C'-H 6.65 6.81 6.69 6.74
cs-H 7.37 7.68 7.40 6.89
C%-H 6.53 6.81 6.59 6.74
clo-g 7.88 7.73 7.90 6.74
CH(CH,), 1.30 0.30
CCH; 2.07 0.79
CH(CH5), 2.97 2.09
R 0.95 R 0.94
MAE [ppm] 0.40 MAE [ppm] 0.79
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Abstract: An octahedral complex of Zn(Il) with a ligand from a class of pyri-
dine-based 1,3-selenazolyl-hydrazones was synthesized and characterized by
IR and NMR spectroscopy and single crystal X-ray diffraction analysis. The
purity of the complex was confirmed by elemental analysis. Two ligands are
coordinated in the neutral NNN-tridentate form forming a complex cation,
while the positive charge is neutralized by [ZnCl,]%. Complex crystallizes in
monoclinic C2/c space group with the Zn atoms situated in a special position.
The packing features of the novel complex were analyzed using Hirshfeld
surfaces, construction of 2D pseudosymmetric plot and DFT quantum mech-
anical calculations and compared with the previously published sulfur-based
isostere. The key difference in the structures, imposed by replacement of sulfur
with selenium, were identified.

Keywords: Zn(Il) complex; selenazolyl-hydrazones; X-ray crystal structure; iso-
steres; selenium; intermolecular energies.

INTRODUCTION

Zinc is one of the most studied elements in pharmacological research due to
the fact that it is found in about 10 % of all enzymes in human body. Also, zinc is
a versatile element extensively employed in various area of material chemistry
research, including nanomaterial synthesis,!-2 photocatalytic,3 photolumines-
cence*S and electrochemical® studies. The possibility of achieving different
coordination numbers from 2 to 9 (most often 4-6)7, affinity to N,0,S-donor

* Corresponding authors. E-mail: (*)predrag@chem.bg.ac.rs, (**)visnevac@irb.hr
# Serbian Chemical Society member.
https://doi.org/10.2298/ISC230831079A

1355



1 3 5 6 ARASKOV et al.

atoms and high bioavailability makes Zn(II) an excellent candidate for the syn-
thesis of complexes for specific application. By choosing the starting Zn(II) salt
it is possible to control the nuclearity, geometry and type of complexes.

A crystallographic study of complexes provides insight into the geometrical
parameters, the orientation of the hydrophilic/phobic parts of the ligands, as well
as the types and distribution of weak intermolecular interactions which are
important for examining potential application.8.?

N-heteroaromatic (1,3-thiazolyl-2-yl)-hydrazones are a widely studied class
of compounds as a potential anticancer,!0-11 antioxidant,!2-18 antibacterial, 922
antifungal?3-28 and antiparazitic agents.2%-30 By suitable selection of N-hetero-
aromatic moiety and substituents on 1,3-thiazole ring, it is possible to design and
direct the coordination mode. An isosteric replacement of sulfur with selenium
can lead not only to increase of structural diversity, but also to improvement of
pharmacological properties and achievement of a better intake of selenium.3!

Selenium is a micronutrient that supports the processes of the immune res-
ponse, fertility, proper function of thyroid hormones, regulation of redox balance
in cells and cancer chemoprevention.32 Also, there are several studies that exp-
lain the fact that selenium as a part of organic molecule is more acceptable to the
human body than selenium in an inorganic form (such as Se032-).32:33 In support
of the growing field of research on 1,3-selenazole derivatives is the fact that there
are 69 crystal structures deposited in CSD7 containing substituted 1,3-selenazole
ring. Two of 69 crystal structures containing the hydrazone pharmacophore as a
substituent in 2-position of 1,3-selenazole ring. Eight of the 69 crystal structures
are complexes of Zn(II), Co(IlT) and Cd(Il) with N-heteroaromatic (1,3-selenazo-
lyl-2-yl)-hydrazones. Since the properties of a complex is dependent not only on
the nature of the ligand, but also on weak interactions, this paper presents a crys-
tallographic study and analysis of intermolecular interactions in the crystal struc-
ture of novel Zn(Il) complex with 2-(2-(pyridine-2-ylmethylene)hydrazonyl)-4-
-(4-methoxyphenyl)-1,3-selenazole (HLSe?) and comparison with a previously
published sulfur isostere.*

EXPERIMENTAL
Materials and methods

Potassium selenocyanate (99 %), hydrazine hydrate (99 %), 2-formylpyridine (99 %) and
2-4'-methoxyacetophenone (98 %) were obtained from Acros Organics. Anhydrous ZnCl, (99
%) was obtained from Merck. All solvents were obtained from commercial suppliers and used
without further purification. Purity of complex was confirmed by elemental analysis (C, H, N)
by the standard micromethods using the Elementar Vario EL III CHNS/O analyzer. Infra-red
(IR) spectra were recorded on a Thermo Scientific Nicolet Summit FT-IR spectrometer by the
attenuated total reflection (ATR) technique in the region 4000-400 cm!. Molar conductivities
were measured at room temperature (298 K) on the Crison multimeter MM41. The NMR
spectra were performed on a Varian/Aglient 400 MHz. Chemical shifts are given on ¢ scale
relative to tetramethylsilane (TMS) as internal standard for 'H and !3C. IR and NMR spectra,
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as well as analytical and spectral data, are given in Figs. S-1-S-3 of the Supplementary
material to this paper.

Synthesis

The ligand based on (1,3-selenazol-2-yl)hydrazone was synthesized according to a pre-
viously published procedure.3* The ligand (50 mg, 0.14 mmol) was dissolved in 10 ml of hot
MeOH. When the ligand was dissolved, the solid ZnCl, (19 mg, 0.14 mmol) was added. The
dark orange solution was refluxed for 1 h. After 2 days, orange single crystals of the complex
suitable for single crystal X-ray diffraction analysis crystallized from the mother liquor. The
crystals were collected by filtration, washed with cold methanol (4 °C) and diethyl ether and
dried in a desiccator. Yield: 0.057 g (83 %).

X-ray structural analysis (XRD)

The 2-Cl-Se (Zn(Il) complex with 2-(2-(pyridin-2-ylmethylene)hydrazonyl)-4-(4-meth-
oxyphenyl)-1,3-selenazole) was obtained as single crystal, so its structure in solid state was
solved by single crystal X-ray diffraction analysis. Diffraction data for 2-Cl-Se were collected
at 298 K at Xcalibur Ruby Nova diffractometer using monochromatic CuKo, (1 = 1.54184 A)
radiation. Collection, data reduction and unit cell refinement was performed using
CrysAlisPro.35 Structure refinement was performed using SHELXL-2016/4.3¢ Collected data
were corrected for absorption effects using multiple scan absorption correction method. Most
of the hydrogen atoms are placed in ideal geometric positions while some are found in the
differential Fourier map. Calculations for verification of molecular structures, parameters of
crystal packing as well as preparation of illustrations of molecular structures and crystal pack-
ing were performed using Platon,3” Mercury.3® WinGX3® and OLEX240 programs. Crystallo-
graphic information file is deposited in CSD under the following number — 2291805. Crystal
data and structure refinement are given in Table S-I of the Supplementary material. Tables of
bond angles and lengths are given in Supplementary material (Tables S-II and S-III).

Hirshfeld surfaces and analysis of intermolecular interactions

Hirschfeld surfaces and pseudosymmetric fingerprint plots of intermolecular interactions
were generated using crystallographic information file (CIF). Before calculation, bond lengths
involving hydrogen atoms were normalized to standard values estimated by neutron diffract-
ion. Visualization of surfaces and presentation of results as d,.», shape indexes and curved-
ness, as well as calculations of 2D plots with d. and d; distance values were done using
CrystalExplorer 2141, The distance from the surface to the nearest nucleus of the atom on the
outside of the surface is denoted as de, while the distance from the surface to the closest
nucleus of the atom on the inside of the surface is denoted as di. The surfaces are mapped over
a standard color scale, and 2D fingerprint plots are calculated using de and di values in the
range 0.4-2.8 A.

Calculation of intermolecular interaction energies

Intermolecular interaction energies were calculated using molecular electron densities
derived from wavefunctions computed by Gaussian09*? coupled with CrystalExplorer214!
using B3LYP functional**4¢ and DGDZVP basis set.*’:*8 CIF is used as input file while bond
lengths involving hydrogen atoms were normalized to standard values estimated by neutron
diffraction. For calculation purposes, a cluster is constructed around the central molecule
which implies real molecular environments and usage of corresponding atomic coordinates at
a distance of 3.8 A from the central molecule. Calculated wave functions were automatically
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generated for all symmetrically connected molecules within the cluster and Energy frame-
works* were constructed for the supercell (2x2x2).

RESULTS AND DISCUSSION
Synthesis and spectroscopic characterization

The complex was synthesized by direct reaction between anhydrous ZnCl, and
HLSe? (in equimolar ratio) in methanol under reflux conditions (Scheme 1). Based
on the results of elemental analysis and molar conductivity measurements, the
following molecular formula of the complex was determined: [Zn(HLSe2),][ZnCly].
The presence of the valence C=N vibration of thiazole ring and the imine bond in
IR spectrum was observed at 1564 and 1526 cm™!, respectively. These bands are
shifted in the spectrum of 2-Cl-Se at 1610 and 1546 cm1, respectively, which
indicates coordination of the ligands via thiazole and imine nitrogens. Band at
3099 cm! originates from valence N-H vibration which implies that the ligands
are coordinated in a neutral form. In TH-NMR spectrum presence of N-H at
12.46 ppm additionally confirms coordination of ligands in neutral form. Arom-
atic protons are in range 6.93-8.54 ppm. At 3.75 ppm singlet originating from the
proton of the methoxy group on the periphery of the ligand was observed.

Se / .
2 (L kx*<;>—O ¥ 22001, — e [Z0(HLSE"),JiZCI]
X /N\NH N 65°C, 1h
N

HLSe2
Scheme 1. Synthesis of 2-Cl-Se.

Molecular structure analysis

Complex 2-Cl-Se crystallize in the monoclinic C2/c space group. The com-
plex cation consists of Zn(II) atom and two meridionally positioned ligands coor-
dinated in a neutral form, where the positive charge of the complex cation is
neutralized by the tetrachloridozincate(Il) anion. (Fig. 1). The geometry of the
coordination environment is distorted octahedral where each ligand forms the
NNN-chelate tridentate coordination via pyridine, imine and azomethine nitrogen
atoms. The angular distortion from the ideal octahedron geometry is caused by
the position of nitrogen atoms and planarity of the ligand. The Zn atoms are in a
special position (Wyckoff letter e, site symmetry 2) which causes that the asym-
metric unit consists of one half of the complex cation and one half of the tetra-
chloridozincate(Il) anion.

In order to visually describe the geometrical differences in the molecular
geometry between the isostructural 2-Cl (Zn(Il) complex with 2-(2-(pyridin-2-yl-
methylene)hydrazonyl)-4-(4-methoxyphenyl)-1,3-thiazole) and 2-Cl-Se, the cat-
ions were overlapped over the donor atoms and the deviations from the root
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mean planes through the aromatic rings were measured. The substitution of sulfur
by selenium atom leads to slight deviations: the mean planes drawn through the
rings A and A' deviate by 3.90°, B and B' by 2.39°, while the corresponding
angle between C and C' is 2.89° (Fig. 2). The measured deviations are in accor-
dance with the size of sulfur and selenium atoms.

Fig. 1. ORTEP?® drawing of complex 2-Cl-Se. Displacement ellipsoids are given in 50 %
probability level. Hydrogen atoms are omitted for clarity.

Fig. 2. Overlay of the complex cations of 2-Cl-
Se (yellow) and 2-Cl (blue). Notation of
aromatic rings: 1,3-thiazole/selenazole (A/A”),
methoxyphenyl (B/B’) and pyridine (C/C’).

Crystal structure and Hirshfeld surface analysis

A comparative study of intermolecular interactions in isostructural 2-Cl and
2-Cl-Se by combined crystal packing and Hirshfeld surface analysis provides
valuable insight into key structural differences between them. The contributions
of intermolecular interactions in 2-Cl-Se are represented in the 2D pseudosym-
metric plot by red circles (Fig. 3) and quantified and compared to the sulfur
isostere in Table I. The analysis of surface area included in intermolecular inter-
actions shows that both crystal packings are based predominantly on classical
and non-classical hydrogen interactions which account for 52.8 (2-Cl-Se) and
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52.9 % (2-Cl) of all interactions. The orientations of adjacent cations and anions
are in such a position that n—n stacking and anion—n interactions occur (8.5 in
2-Cl-Se and 7.9 % in 2-Cl). Hydrophobic interactions are slightly represented in
2-Cl-Se, which is a consequence of the isosteric replacement of sulfur by selen-
ium atom and is caused by the higher polarizability of selenium atom. The rem-
aining contacts in the case of both complexes are H-H contacts.

Fig. 3. 2D pseudosymmetric plot of intermole-
cular interactions in 2-Cl-Se. Numbered regions
10 1.2 1.4 16 1.8 2.0 2.2 24 2.6 2.8 correspond to contacts shown in Table I.

TABLE 1. Relative contribution of the Hirshfeld surface to individual intermolecular inter-
actions (H-‘H contacts are disregarded) in the crystal structure of 2-Cl-Se and 2-Cl

Label of interaction
1 2 3 4 5 6 7 8

Complex Interaction type
2-Cl-Se 19.0 18.1 9.7 4.9 3.6 1.1 2.2 2.7
2-CI* 18.8 18.8 9.3 5.2 3.4 0.8 1.7 2.8

On the Hirshfeld surface most common H--Cl interactions are observed as
red patches (Fig. 4A). The complex cation is a double donor in classical (N2—
~H2A--CI2, d = 2.287 A, i = 1—x, y, 1/2—z) and non-classical (C11-H11--CI17,
d = 2744 A; i = 1-x, y, 1/2—2) hydrogen interactions with the tetrachloride-
zincate(II) anion, which results in the formation of a 1D chain parallel to the
a-crystallographic axis (Fig. 4B). A higher level of assembly is based on the link-
ing of 1D chains by interactions marked with orange circles on Hirshfeld surface
(Fig. 4C). By non-classical C14-H14---CI27 interactions (d = 2.932 A; ii = 1/2—x,
1.5-y, 1-z), the chains are connected in a 2D “pleated” layer parallel to the
ac-crystallographic plane (Fig. 4D). The remaining interactions are responsible
for stacking of 2D layers into the final 3D crystal structure (Fig. 4E). Hydro-
phobic C-H--'n and 7---w stacking interactions with a total contribution of 21.7 %
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participate of the existence of 3D packing through C10-H10B" myyridin " (d =
=3.956 A; iii = x, 1=y, 1/2+z) and nmethoxyphenyl'"npyridineiv (d=3.461A;iv=
= _1/2—x, —1/2+4y, 1/2-2).

A B

Fig. 4. Hirshfeld d,,,, surface for 2-Cl-Se with neighboring tetrachloridozincate(II) anion
responsible for formation of 1D chain (A); 1D chain formed parallel to the a-crystallographic
axis (B); Hirshfeld d,,, surface with neighboring species responsible for the formation of 2D

and 3D crystal packing (C); Part of a 2D “pleated” layer formed due to the connection of 1D
chains (yellow, D). The resulting 3D crystal packing as a result of stacking 2D layers
(blue and ochre, E).

Analysis of intermolecular interactions by generating full interaction maps
(FIM) using Mercury38 also provides insight into geometrical analysis of inter-
molecular interactions grouping them into (non)classical and hydrophobic (arom-
atic) interactions. Fig. 5SA shows a 3D map of the highest probability of finding
interactions between certain functional groups, wrapped around the molecule.
The most common regions are colored red and blue which implies a significant
influence of classical and non-classical hydrogen interactions in the crystal pack-
ing of 2-Cl-Se. The presence of ocher colored regions indicating the existence of
aromatic interactions, which are the smallest part of FIM. Fig. 5B shows a hot-
spots which represent the positions of highest local density for each contour sur-
face colored with the same colors as the corresponding part of the 3D surface.
Arrangement of donor and acceptor functional groups is in good correlation with
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the surface area included in intermolecular interactions obtained by Hirshfeld
surface analysis.

A ) B

=
e =
i {
| S
/o~
A
¥ o) d *
5
R

Fig. 5. Contour surface colored red (hydrogen bond acceptors), blue (hydrogen bond donors)
and ocher (interactions which includes aromatic part of molecules) (A); the positions of
highest local density for each contour surface showed as hotspots (B) around 2-Cl-Se.

Energy distribution of intermolecular interactions

The use of B3LYP functional*3-46 and DGDZVP basis set47-48 in investig-
ations of molecular crystals based on metal coordination compounds, organic
salts and solvates, as well as open shell molecules (radicals), provide a suf-
ficiently good relative ratio of computing time and quality of obtained results.49
The energy models in CrystalExplorer214! are calibrated and include optimum
scale factors for B3LYP functional4® (Table II). In the crystal structures of iso-
steres, there is the same trend in energy values. The nature of stabilizing inter-
actions is predominantly electrostatic, with a significantly smaller contribution of
polarization and dispersion components (Table II). Interactions in crystal struc-
ture of 2-CI* (Table S-1II, Supplementary material) are realized at shorter dis-
tances (0.1-0.3 A), thus attractive interactions are stronger (1-6 kJ mol-1) than
those in 2-Cl-Se. The repulsive interactions are also more pronounced in 2-Cl,
while the polarization and dispersion components differ in the interval of 1-3 kJ
mol-!. The crystal packing energy represented as the sum of E tot values is
—1330.7 and —1322.0 kJ mol-! for 2-Cl-Se and 2-Cl, respectively, thus the crystal
packing energy of selenium based isostere is more stable by —8.7 kJ mol-1. This
difference comes from isosteric replacement of the sulfur by the selenium atom
and arises from the nature of the selenium atom.

In order to visualize intermolecular interaction energies, using the calculated
interaction energies in Table II the energy framework was calculated (Fig. 6).
Since 2-Cl-Se and 2-Cl crystallize in the same space group, topology of the
energies that stabilize and destabilize the crystal packing is complex but the same
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pattern is observed for both isosteres.* The strongest interactions are realized in
3D, but mostly along the a-crystallographic axis while the repulsive interactions
are located along the b and c-crystallographic axes. The calculated pattern con-
firms three-dimensional crystal packing based on geometrical parameters (vide
supra).

TABLE II. Interaction pair energies in the crystal structure of 2-Cl-Se based on the B3LYP/
/DGDZVP energy model; E tot represents the sum of individual components with scaling
factors (k_ele = 1.057; k_pol = 0.740; k_dis = 0.871; k_rep = 0.618), while the individual
components are not scaled

Energy component

RIA E ele E pol E dis E rep E tot
7.39 5474 -72.0 -119.2 114.5 492.4
11.80 550.9 -51.3 -15.9 34 532.7
11.79 480.4 —43.0 -30.7 19.9 461.6
8.37 —622.6 -76.0 -11.7 17.1 -714.1
9.90 —632.4 —65.8 -11.1 15.6 -717.3
14.43 407.1 -21.5 -11.3 0.0 404.7
7.53 —858.7 -162.3 —28.9 102.8 —989.6
7.18 —662.0 —130.4 —26.1 29.2 —801.1

Fig. 6. Diagram of the energy framework of
the total energies for the supercell (2x2x2) of
the 2-Cl-Se. The figure shows cylinders of the
same scale (blue cylinders represent total
energy, while yellow cylinders represent
destabilizing energy).

CONCLUSION

The synthesis, structural characterization (spectroscopic and SCXRD), crys-
tallographic and DFT analysis of crystal packing and intermolecular interactions
of a new octahedral Zn(Il) complex with a ligand from the pyridine-based 1,3-
-selenazolyl hydrazone class was performed. The two ligands are coordinated in
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the neutral form by chelate NNN-tridentate forming a complex cation, while the
anion is [ZnCls]?~. The results of a comparative crystallographic study showed
that novel complex crystallize in the same space group and has the same topo-
logy of intermolecular interactions as its sulfur isostere. However, due to nature
of selenium, the crystal packing energy of Se-based isostere is higher by —8.7 kJ
mol-!. Hirshfeld surface analysis showed that the interactions involving the Se
atom are more prevalent than the analogous ones in the S-based isostere which
confirms additional contribution of the Se atom to the stabilization of the crystal
packing.
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H3BOI
Zn(11) KOMITJIEKC CA 1,3-CEJIEHA30JIWI-XUPA3OHOM HA BA3U ITUPUINHA:
CHUHTE3A, CTPYKTYPHA KAPAKTEPHU3AIIMJA U DFT CTYIHUJA

JOBAHA B. APALIKOB!, TIPE[JPAT I'. PUCTUR', ALEKSANDAR VISNJEVAC?, AHIIPEJ Jb. MUJIMUBOJALL?,
IIPATAHA M. MUTUR? HEHAJI P. ®WJIUIIOBUR? 1 TAMAPA P. TOLOPOBUR'

'Ynugepsutmeii y Beoipagy — Xemujcxu Qaxynimews, Ciiygeniicku wipi 12—16, 11000 Beoipag, “Division of
Physical Chemistry, Institute Ruder Boskovic, Bijenicka cesta 54, Zagreb 10000, Croatia, SHnosayuonu
uentap Xemujcxol paxyniueinia, Ynusep3uitewi y beoipagy, Cinygenticku wpi 12—16, 11000 Beoipag u

*Ynueepsutew y Beoipagy — IMomoupuspeghu axyninein, Hemarwuna 6, 11000 Beoipag
Oxraepmapcku komiuieke Zn(II) ca murangom w3 wiace 1,3-ceneHa3’onun-XxugpasoHa Ha
0asu nupuguHa je cuHTeTHcaH U okapakrepucaH IC u NMR cnexTtpockonujom U Audpak-
nujoM X-3paka ca MOHOKpHcTana. Yuctoha Kommekca je MOTBpheHa eleMeHTaJIHOM aHa-
nv3oM. [IBa nuraHzaa cy KoopAauHoBaHa y HeyTpanHOM NNN-TpupeHTaTHOM 001MKYy HOpMU-
pajyhm KOMIeKCHH KaTjoH, JOK je MO3WTHUBHO HaeJeKTpUCame HeyTpalducaHo NomMohy
[ZnCl4]*. KOMIUIEKC KPHCTaIMILE Y MOHOKIHHHUYHOj C2/c IPOCTOPHOj TPYIH MPH YEMY Ce
aromu Zn(ll) Hamaze y cmenujamHoM monoxajy. KapakTepucTHke KPHUCTaaHOT IMaKOBama
HOBOT KOMIUIEKCA Cy aHaJu3WpaHe ynoTpedbom XupuidenmoBUX MOBPLUIMHA, KOHCTPYKLHjOM
21 nceymocuMeTpUuHUX rpadukoHa U yrnorpedom DFT kBaHTHOMEXaHUUYKUX ITpOpavyHa IpU
yeMmy Cy JoOujeHu pesynrtaTd ynopeheHu ca pesynraTvMa aHalM3e NPETXONHO 00jaBbEHOT
M30CTPYKTYPHOT KOMIUIekca Ha 0a3u cymmnopa. MpeHTHdUHKOBaHe Cy K/byuyHe pasiuke y

CTPYKTypama Koje MpOM3uIa3e U3 U30CTEPHE 3aMEHE aToMa CyMIIOpa aTOMOM CeJIeHa.

(ITpumimeHo 31. aBrycra, peBuaupaHo 25. centemdpa, mpuxsaheno 13. oxrobpa 2023)
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ANALYTICAL AND SPECTRAL DATA

The ligand  based on  (1,3-selenazol-2-yl)hydrazone.  Anal. Calcd. for
C3HasClyNsO2SerZn, (Fw = 987.08) (%): C, 38.93; H, 2.86; N, 11.35. Found: C, 39.21; H,
3.09; N, 11.16. Am (1 x 1073 M, MeOH) = 108.2 Q' cm? mol '. IR (ATR, vmax/cm™'): 3099
(m), 2924 (s), 2872 (ms), 2836 (ms), 1621 (ms), 1610 (ms), 1600 (ms), 1546 (m), 1532 (ms),
1499 (s), 1469 (s), 1415 (m), 1355 (ms), 1275 (ms), 1229 (s), 1136 (ms), 1022 (ms), 944 (m),
882 (m), 708 (m), 597 (w), 514 (vw). '"H NMR (DMSO-d4;400 MHz) 8y (ppm): 3.75 (s, 3H);
6.93 (d, 2H); 7.33 (dd, 1H); 7.54 (s, 1H); 7.75 (d, 2H), 7.80-7.83 (m, 2H); 8.06 (s, 1H); 8.54
(d, 1H); 12.54 (s, 1H). 3C{1H} NMR (DMSO-ds;126 MHz) 8¢ (ppm): 55.55, 106.26, 114.37,
119.64, 124.13, 127.51, 128.56, 137.24, 142.72, 149.90, 153.58, 159.09, 171.30.

Abbreviations used for IR spectra: s, strong; ms, medium-strong; m, medium; w, weak;
vw, very weak.

Table S-1. Crystal data and structure refinement for 2-Cl-Se

Empirical formula C3H3CIsN3O,Sex2Zn;
Formula weight 987.08
Temperature/K 298(2)
Crystal system monoclinic

Space group C2/c
a/A 14.4341(3)
b/A 18.6583(4)
c/A 14.7422(7)
al® 90
p° 114.347(4)

* Corresponding authors. E-mail: (*)predrag@chem.bg.ac.rs, (**)visnevac@irb.hr
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Figure S-1. IR spectrum of 2-Cl-Se.
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Table S-1I. Bond angles for 2-Cl-Se.
Angle label Angle /° Angle label Angle /°
N1-C1-N2 121.5(2) C11-N3-N2 123.0(2)
N1-C1-Sel 116.0(2) C11-N3-Zn1 121.0(2)
N2-C1-Sel 123.0(2) N2-N3-Zn1 116.0 (1)
C3-C2-Sel 111.80(2) C12-N4-Zn1 114.0(2)
C2-C3-C4 124.10(2) C16—-N4-C12 117.40(2)
C2-C3-N1 116.50(2) C16-N4-Zn1 128.0(2)
N1-C3-C4 119.40(2) C7-01-C10 116.80(3)
C5-C4-C3 120.40(2) N1-Zn1-N11 91.80(1)
C5-C4—C9 118.30(2) N1l-Zn1-N4! 146.66(7)
C9-C4-C3 121.30(2) N1-Zn1-N4! 99.39(7)
C6-C5-C4 120.50(3) N1-Zn1-N4 99.39(7)
C5-C6-C7 120.70(2) N1-Zn1-N4 146.66(7)
C6-C7-C8 119.40(2) N3-Zn1-N11 122.17(7)
01-C7-C6 115.80(3) N31-Zn1-N1 122.17(7)
01-C7-C8 124.80(3) N3-Zn1-N1 74.73(7)
C9-C8—C7 119.50(2) N31-Zn1-N1! 74.73(7)
C8-C9-C4 121.50(2) N31-Zn1-N3 157.7 (1)
N3-C11-C12 115.80(2) N31-Zn1-N4 91.13(7)
C13-C12-C11 121.60(2) N31-Zn1-N4?! 72.74(7)
N4-C12-C11 115.50(2) N3-Zn1-N4 72.73(7)
N4-C12-C13 122.90(2) N3-Zn1-N4! 91.13(7)
C12-C13-C14 118.70(3) N41-Zn1-N4 88.4(1)
C15-C14—C13 118.70(3) Cl1-zn2-Cl1 113.66(4)
C14-C15-C16 119.40(3) Cl1-Zn2—CI2 110.57(2)
N4-C16-C15 122.90(3) Cl1-Zn2—Cl22 110.56(2)
C1-N1-C3 112.0(2) Cl1-Zn2—CI2 106.22(2)
C1-N1-Zn1 113.0(2) Cl1-Zn2-CI22 106.22(2)
C3-N1-Zn1 133.0(2) Cl2-Zn2—Cl22 109.62(4)
N3-N2-C1 114.0(2) C2-Se1-C1 84.0(2)
Symmetry code: !-x,+y, Vo-z; 21-x,ty, Y-z
Table S-II1. Bond lengths for 2-Cl-Se.
Bond type Length / A Bond type Length / A
C1-N1 1.307(3) C12-C13 1.382(3)
C1-N2 1.367(3) C12-N4 1.355(3)
C1-Sel 1.873(2) C13-C14 1.384(4)
C2-C3 1.349(4) C14-C15 1.374(5)
C2-Sel 1.867(3) C15-C16 1.388(4)
C3-C4 1.478(3) C16-N4 1.329(3)
C3-N1 1.394(3) N1-Zn1l 2.16(2)
€4-C5 1.390(3) N2-N3 1.355(3)
C4-C9 1.394(3) N3-Zn1l 2.14(2)
C5-C6 1.383(4) N4-Zn1 2.250(2)
C6-C7 1.387(4) Cl1-zn2 2.275(6)
C7-C8 1.389(4) Cl2-zn2 2.303(7)
C7-01 1.363(3) Zn1-N1! 2.16(2)
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€8-C9 1.385(3) Zn1-N3t 2.14(2)
€10-01 1.432(5) Zn1-N4t 2.250(2)
C11-C12 1.461(4) Zn2—-Cl12 2.275(6)
C11-N3 1.275(3) Zn2—-Cl2? 2.303(7)

Symmetry code: '-x,+y,%-z; 21-x,+y,"%-z

Table S-IV. Interaction pair energies in the crystal structure of 2-Cl based on the B3LYP/
DGDZVP energy model*

R(A) Interaction energy, kJ mol™!

E ele E pol E dis E rep E tot
11,25 574,4 -58,5 -18,0 4,0 550,9
7,34 5484 76,5 -123,8 127,8 4943
11,73 481,2 —43,1 -32,5 24,5 463,7
8,27 —618,0 72,6 -10,0 13,1 -707,7
7,36 —667,3 -132,3 -27,1 35,4 —805,2
7,45 -862,4 -163,1 -30,7 103,5 —995,2
9,60 —648,4 -70,3 -12,6 22,0 —734,8
14,41 408,1 21,4 -12,5 11,9 412,0

*E_tot represents the sum of individual components with scaling factors
(k_ele =1.057; k_pol = 0.740; k_dis = 0.871; k_rep = 0.618), while the
individual components are not scaled.
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