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In Memoriam
Andronati Serhiy Andriyovych

It is with deep sadness that we inform you that on
June 29, 2022, at the age of 82, after a long illness,
an outstanding scientist in the field of bioorganic and
medical chemistry, Doctor of Chemistry, professor,
academician of the National Academy of Sciences of
Ukraine, adviser to the Presidium of the National
Academy of Sciences of Ukraine, honorary director
and adviser to the Directorate of the A.V. Bogatsky Physico-Chemical Institute,
head of the Department of Medical Chemistry, winner of State prizes of the USSR
and Ukraine Andronati Serhiy Andriyovych passed away.

Andronati Serhiy Andriyovych was born on September 19, 1940 in Odesa in
the family of employees. In 1964, after graduating from the Faculty of Chemistry
of the Odesa State University named after I. I. Mechnikov in the specialty “Organic
Chemistry” Serhiy Andriyovych began his career. He overcame his career steps
confidently and tirelessly: he worked at the Odesa State University (1968—1972)
as a senior engineer, senior lecturer and deputy dean of the Faculty of Chemistry.
In 1972, S. A. Andronati took the position of senior researcher and later the head
of the Department of chemistry of nitrogen-containing heterocycles. After the crea-
tion of the Physico-Chemical Institute of the Academy of Sciences of the Ukrainian
SSR (the first independent academic institution in Odesa), S. A. Andronati held
the position of deputy director for research (1978—-1983), and later the director of
the Institute (until 2020). He was the head of the Southern Scientific Centre of
the National Academy of Sciences and the Ministry of Education and Science of
Ukraine; at the same time (since 1998) headed the Department of Pharmaceuti-
cal Chemistry of the Odesa State University named after I. I. Mechnikov and was
the scientific director of the Chemical and Pharmaceutical Educational Research
and Production Complex of the National Academy of Sciences and the Ministry of
Education and Science of Ukraine.

The scientific life of Serhiy Andriyovych was brilliant, fast-paced, diverse and
extremely fruitful. After completing his postgraduate studies (1970) at the Depart-
ment of Organic Chemistry of the Odesa State University and in the same year
defending his thesis for the degree of Candidate of Chemistry, he has immediately
started doing his doctoral investigations and in 1974 successfully defended a thorough
research on the problems of synthesis, stereochemistry and biological activity of
benzodiazepine derivatives.

The scientific interests of S. A. Andronati involved the issues of bioorganic and
medical chemistry. His achievements are the development of methods for the syn-
thesis of biologically active compounds, determination of their structure, conforma-
tions, physicochemical, chemical, pharmacological properties, molecular mechanisms
of action, the “structure — mechanism of action — activity” relationship, molecular
design of potential biologically active compounds, their synthesis. He also made
a significant contribution to the development of methods for the synthesis of new
derivatives of quinazoline, 1,4-benzodiazepine, 1,3,4-benzotriazepine, 1,5-benzodiazo-
cine, 1,4,5-benzotriazocine, 1,6-benzodiazonines, a number of various macrohetero-
cyclic systems, polynuclear carbo- and heterocyclic compounds, peptidomimetics.
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Serhiy Andriyovych also studied the relationship between the structure, ste-
reochemistry, physical, physicochemical, chemical and pharmacological properties
of various derivatives of pyrimidine, quinazoline, 1,4-benzodiazepine, 1,5-benzodi-
azocine, nitrogenous macroheterocycles, polynuclear heterocyclic systems, oligo-
peptides, peptidomimetics, fluorene, anthracene, etc.

The outstanding scientist was also interested in the problems of fine structure,
stereochemistry, and stereodynamics of substances. He studied 1,4-benzodiaze-
pines and related heterosystems in the most detail, finding out that the heteror-
ing of 1,4-benzodiazepines, 1,5-benzodiazocines, and 1,4,5-benzotriazocines had a
pseudo-boat conformation. He revealed the main regularities of the relationship
between the structure, kinetic and thermodynamic parameters of the inversion of
compounds of this class, determined the structure of associates of 1,4-benzodiaze-
pinemolecules, as well as correlations of spectral properties, polarity, basicity, li-
pophilicity with physicochemical constants characterizing the electronic nature
and steric features of substituents.

The works of Serhiy Andriyovych on the search and purposeful synthesis, re-
search on the properties and mechanisms of action of new antihypoxants and ac-
toprotectors aimed at creating effective medicines for the treatment of various
diseases accompanied by hypoxic conditions, such as traumatic shock, heart at-
tack, pneumonia, leprosy, etc., are invaluable. The result of these studies was the
discovery of a new class of such agents — pyrimidine derivatives, which turned
out to be significantly more effective antihypoxants and actoprotectors than the
known medicines with similar effects (sodium y-oxybutyrate, gutimine, dibazole,
as well as medicines of the plant origin — ginseng, eleutherococcus).

Of great importance are the scientific achievements of the scientist in creating
fundamentally new medicines for the treatment of oncological diseases and acute
viral infections belonging to the class of nonspecific immune stimulants. The study
of the relationship between the structure, antiviral and interferon-inducing proper-
ties of fluorenone, anthracene and acridine derivatives allowed him to find highly
effective compounds among them.

S. A. Andronati’s work on the synthesis of new regulatory peptides made it possible
to obtain new promising modified analogs of tyroliberin and melanostatin. In the
course of these studies, new methods of the peptide synthesis based on the use of
crown ethers were developed.

The scope of Serhiy Andriyovych’s studies is truly impressive. It seems that there
is no field of medical chemistry he left overlooked. In particular, he discovered a
number of regularities concerning the “structure — psychopharmacological proper-
ties” relationship of 1,4-benzodiazepines and their cyclic homologs, as well as other
heterocyclic substances related to 1,4-benzodiazepines, the metabolism pathways
and pharmacokinetics of compounds with psychotropic, antihypoxic and antiviral
properties. S. A. Andronati together with his team obtained important data on the
molecular mechanisms of action of neurotropic agents interacting with the GABA-
benzodiazepine receptor-ionophore ensemble, serotonin and dopamine receptors.
The results of these studies allowed them to form an idea about the nature of the
pharmacophore fragment of the substances specified, as well as the influence of
conformational factors on their activity.

An important part of Serhiy Andriyovych’s scientific heritage is research in the
field of biotechnology, in particular, enzymatic and microbial synthesis. Thus, with
the participation of the scientist, a convenient method for obtaining optically active
1,4-benzodiazepines was developed and a number of enzymes immobilized on organic
and inorganic carriers with a high degree of activity and multiple use were obtained.
The processes of hydroxylation, acetylation, and hydrolysis of carbo- and heterocyclic
compounds catalyzed by them were studied. As the result of the studies conducted,
the medicine “Elastotherase” was created for the treatment of burns and wounds.
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Recently, S. A. Andronati led research in the field of medical chemistry of an-
tithrombotic agents. His research team obtained peptidomimetics promising for
the treatment of cardiovascular diseases with a high antithrombotic activity, and
discovered the mechanism of action of these substances.

S. A. Andronati is the founder of the scientific school in the field of bioorganic
and medical chemistry. Under his supervision, 4 Doctoral theses and 31 PhD the-
ses were defended.

Based on the fundamental research of the scientist and his colleagues in co-
operation with pharmacologists, a number of highly effective medicines were cre-
ated. Among them one should mention the first domestic anxiolytic, hypnotic and
anticonvulsant medicine “Phenazepam”, the anxiolytic medicine of daytime action
“Hidazepam”, the first oral interferon inducer with antiviral properties “Amixin”,
the original hypnotic and the anxiolytic medicine “Levana® IC” (Cinazepam).

The scientific heritage of this outstanding scientist includes 9 monographs,
more than 600 articles, 130 patents and author’s certificates for inventions. He was
a member of the editorial boards of the following journals: “Reports of the Na-
tional Academy of Sciences of Ukraine”, “Ukrainian Chemistry Journal”, “Science
and Innovation”, “Journal of Organic and Pharmaceutical Chemistry”, “Bulletin
of Psychiatry and Psychopharmacology”, “The Odesa Medical Journal”. S. A. An-
dronati was the first president of the Odesa Junior Academy of Sciences “Pro-
metheus”.

For his scientific and pedagogical activities, S. A. Andronati was awarded nu-
merous state orders, medals and prizes, government, regional and city diplomas
and badges.

S. A. Andronati was not only an outstanding scientist, a recognized luminary
in the field of chemical science, but also a unique example of human and scientific
ethics for thousands of people who were lucky enough to study and work with him.
Colleagues of S. A. Andronati speak of him as an intellectual, a leader, a deeply de-
cent and kind person who was characterized by inexhaustible energy, exceptional
diligence and efficiency. He had deep knowledge of many areas of science, culture,
and art, was demanding of himself and his employees, always ready to support
and help them in solving scientific, organizational tasks, and everyday problems.
He was an exemplary family man, a reliable support for parents, a loving hus-
band, a real example for his children and grandchildren.

The death of Serhiy Andriyovych Andronati is a huge, irreparable loss for rela-
tives, colleagues and friends. It is difficult to find words of comfort when the heart
of a person who was important in life stops, but the bright memories of Serhiy
Andriyovych, who left behind good deeds and lived his life honestly, will always be
stronger than death.

We are deeply mourn for this irreparable loss and express our sincere
condolences to his family.
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Bianka Tchoubar: A Revolutionary in French Organic Chemistry

Abstract

Virtually unknown in her homeland, Bianka Tchoubar, born in 1910 in Kharkiv, brought about a true paradigm shift in French
organic chemistry of the 20" century. Originality of research ideas, scientific rigor and legendary perseverance earned her
respect and recognition in the world scientific community. This eccentric Parisian of Ukrainian origin became the first woman
to enter the French National Center for Scientific Research (Centre National de la Recherche Scientifique, CNRS) upon its
creation in 1939. Bianka Tchoubar’s contribution to the study of reaction mechanisms and salt effects in organic chemistry
were of paramount importance, and so were her efforts to present these novel scientific concepts to the audience of French
organic chemists through the clear and concise expression of her books. The name of this great Ukrainian researcher may
be found in the pages of French organic chemistry textbooks, where the Demjanov ring expansion reaction is called the
Demjanov-Tiffeneau—Tchoubar rearrangement. This article aims at presenting the outstanding scientific legacy and turbu-
lent life path of this researcher to the world scientific community.

Keywords: mechanisms of organic reactions; charged intermediates; salt effects; molecular rearrangements; alicyclic compounds;
history of chemistry

P.-l. 0. MapTuHak

XimiyHuli pakynemem, Buwa HopmanbHa wkona, Mapusekuli docnioHuybKull yHisepcumem,
syn. JlomoH, 24, m. MNapuxc, 75005, ®paHuia

b’aHKa Yy6ap — peBontouioHepKa PppaHLy3bKOi OpraHiyHoi Ximii

AHoTauin

Manosigoma Ha baTbKiBWWHI ypoarkeHKa XapKkoBa b’aHKa Yybap 3ymina cTBOPUTU CNPaBKHIO 3MiHY Napagnurmu y ¢ppaH-
Ly3bKilt opraHiyHin ximii XX ctonitra. OpuriHanbHICTIO HAYKOBUX igei, eKcnepMmeHTaIbHO MaMCTEePHICTIO Ta HEMOXUTHICTIO
B/IAaCHUX MepeKoHaHb LUA HayKoBMUSA 3000yna Heabuake BU3HaHHA y OpaHUii Ta uinomy cBiTi. EKCLeHTpUYHa NapuKaHKa
YKPAiHCbKOro NOXOAMKEHHS CTasia NepLLOO XKiHKOIO, WO yBiiWwAa 40 A4OCNi4HULbKOTO WTaTy HauioHanbHOro UeHTpy HayKo-
BUX aocnigxeHb ®paHuii (Centre National de la Recherche Scientifique, CNRS) nig, yac ioro ctBopeHHA 1939 poky. BHecok
HAYKOBMUL,i Y MEXaHICTUYHI AOCNigXKEeHHA OpraHiYHMX peakuild, a TaKoX ix negaroriyHe onpauoBaHHA € HEOLHEHHMMMU.
Mpi3BuLLE BEMKOT YKPATHKMU ropao MaiopuTb y GpaHLy3bKUX NigpyYHMKax OpraHiyHol Ximii, AKi BLUAHOBYIOTb ii eKcnepumeH-
TanbHi fOCNiAXKEHHA, HAa3MBaOYM PeaKLitlo Po3LWMPEHHA aniunKAiB, BiAOMY AK neperpynyBaHHA [lem’sHOBa, neperpynysaH-
HAM Oem’aHoBa-TipdaHo—Yybap. NMponoHoBaHa CTAaTTa MaE Ha MeTi penpe3eHTyBaTM HAYKOBIN CNiNbHOTI YKpaiHu Ta CBIiTy
BUAATHI 3000YTKN 1 HEMPOCTUI XKUTTEBUI INAX LiET AOCNIAHMLL.

Knrovoei cnosa: mexaHiamun opraHiYHMUX peakLin; 3apaaKeHi iHTepmeaiaTn; conboBi epeKkTU; MONEKYNAPHI NeperpynyBaHHsA;
ANIUMKANIYHI cnoNyKu; icTopia Ximii
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Figure 1. Bianka Tchoubar with a cigarette. The portrait is reproduced from reference [1]

m Biography

1. Early Life and Education

Bianka Tchoubar was born on the 22" of
October, 1910, in the Ukrainian city of Kharkiv,
which was then part of the Russian Empire.
The Tchoubar family belonged to the Jewish sect
of the Karaites [2].

Bianka’s father, Ilya Tchoubar, was a Kharkiv
lawyer with Menshevik views. He was a mem-
ber of the Liberal Party of Constitutional Demo-
crats (Cadets) and a person close to its leaders,
Pavel Milyukov and Vladimir Nabokov. To avoid
political repression after the advent of Bolshevik
power in Russia and the occupation of the
Ukrainian People’s Republic, the Tchoubar fami-
ly (a couple with two children, Bianka and her
brother Serhiy) were forced to leave Ukraine in
1920. The family settled in Constantinople, then
the capital of the still-existing Ottoman Empire.
Due to political instability caused by World War 1,
the collapse of the Ottoman Empire and the
Turkish War of Independence, the Tchoubar family
only lived in Constatinopole for a short time and
moved to Budapest in 1922, where the brother of
Ilya Tchoubar lived. The parents then moved to
Paris, and the girl and her brother stayed with
their uncle, where they were able to study French.
The family reunited in Paris in 1924 [3].

After settling in Paris, Bianka Tchoubar
converted to Orthodox Christianity in 1925, but
soon became disappointed in religion and began
to adhere to an agnostic worldview [2].

Bianka’s father died of a heart attack in the
early 1930s, leaving his wife and two children
with little livelihood. To survive, Bianka’s mother
worked at minimal-wage and non-permanent jobs,
selling perfumes during the day and being a cloak-
room attendant at a theater in Paris in the eve-
nings. The family lived in extreme poverty [3].

Bianka Tchoubar and her brother began their
studies at a Russian school in the 16% arron-
dissement of Paris, set up by the French govern-
ment for the children of political migrants from
the Russian Empire. It was at this school that
Bianka Tchoubar first became interested in the
natural sciences, including chemistry, under the
tutelage of Mademoiselle Chamier, a Russian che-
mist who had collaborated extensively with Marie
and Pierre Curie in the past. Bianka Tchoubar
later reminisced about this teacher as her mother
in chemistry [3]. The figure of Marie Curie was
extremely important to Bianka Tchoubar; she has
repeatedly stated that she had never missed any
of Curie’s public lectures in Paris [1].

Bianka Tchoubar continued her studies in
chemistry, getting admitted to the Sorbonne
University in 1929. In 1931, she received the
Bachelor of Science Degree and began her re-
search work under the guidance of the then-
famous Parisian chemist Professor Paul
Freundler, a close friend and colleague of Joseph
Achille Le Bel. The choice of the laboratory for
her graduate research activities was due to
Bianka Tchoubar’s interest in asymmetric ni-
trogen reactions.
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In Professor Freundler’s group, the young
scientist first met with the rejection of her ideas
about organic ions by her French colleagues.
The conflict of scientific worldviews stemmed from
the considerable conservatism of the French sci-
entific community to any new concepts, especially
if they came from the so-called “Anglo-Saxon
world” [1]. Despite the disagreement of her su-
pervisor, Bianka Tchoubar devoted her Master
thesis to the study of charged organic species in
tertiary amine reactions with ethyl iodoacetate,
which contributed to her Higher Education Degree
in Chemistry, awarded in 1932 (Diplome d’Etudes
Supérieures de Sciences Chimiques) [3].

2. Scientific Work with Marc Tiffeneau

In 1933, Bianka Tchoubar began working in
the laboratories of the Faculty of Medicine of the
University of Paris, under Marc Tiffeneau’s super-
vision. Despite world recognition of his achieve-
ments, Marc Tiffeneau had limited recourse to
resources in France and was forced to work in the
field of pharmaceutical chemistry. He became
Bianka Tchoubar’s most important mentor.

OH Q

Scheme 1. Demjanov-Tiffeneau—Tchoubar rearrangement

Bianka’s first research article on the interaction
of Grignard reagents with chlorocyclohexanones
was published in 1934 in Proceedings of the French
Academy of Sciences (Comptes rendus de I’Académie
des Sciences) [4]. In the laboratory of Marc Tiffe-
neau, Bianka Tchoubar first met Jeanne Lévy,
an organic chemist, who later became one of her
research collaborators [3].

In 1937, Bianka Tchoubar established the
Laboratory of Organic Chemistry, which studied
a variety of atomic transfer reactions. She was ap-
pointed also as a trainee researcher at the newly
established French National Center for Scientific
Research (Centre national de la recherche scientifi-
que — CNRS), becoming the first female researcher
to enter this institution for science (Figure 1) [2].
She then became interested in molecular rearran-
gement reactions and proposed a mechanism for
nitrite deamination of alicyclic primary amines
with ring expansion (Scheme 1) using quantum
mechanical theories of chemical bonding. These
were considered to be the so-called “English
ideas” in France at the time, and viewed as un-
welcome. Despite numerous disagreements and
criticism of peers, the joint research of Bianka
Tchoubar and Marc Tiffeneau made it possible
to definitively establish the mechanism of the
Tiffeneau—Demjanov rearrangement (or, as it
is known in France, the Demjanov—Tiffeneau—
Tchoubar rearrangement) (Scheme 2) [5, 6].
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Scheme 2. Demjanov-Tiffeneau—Tchoubar rearrangement mechanism

ISSN 2308-8303 (Print) / 2518-1548 (Online)



Bianka Tchoubar’s research slowed down
significantly in 1939—-1945 due to the outbreak
of World War II, when she took an active part
in the French national resistance to the fascist
occupation [2].

The sudden death of Marc Tiffeneau in 1945
further complicated Bianka Tchoubar’s scientific
career. However, after the war in 1945, Bianka’s
longtime friend Jeanne Lévy, an Associate Pro-
fessor of Medicine at the University of Paris
at that time, was appointed to establish a new
Institute of Medicine in Paris, known today as
the Fournier Institute (Institut Fournier) [2, 3].
Bianka Tchoubar joined the research department
of the newly established Institute, and in 1946
published her thesis “Contribution to the study of
alicyclic expansion mechanisms: nitrite deami-
nation of 1-aminomethylcyclohexanols” [2]. Bianka
Tchoubar managed to present these radically new
1deas in physical organic chemistry while obtaining
her doctorate.

The significant delay in defending her doc-
toral thesis was caused by the political instabili-
ty in France of 1930s, as well as by the outbreak
of World War II. The completion of her PhD was
also delayed by the unwillingness of the French
scientific community to accept the innovative but
“English” concepts Bianka Tchoubar promoted.
The young researcher explicitly stated her interest
in charged intermediates of organic reactions.
Her ambition was to rule the notions of “affinity
capacity” and “migratory aptitude” out of organic
chemistry as they did not provide satisfactory ex-
planations for the observed patterns in alicyclic
expansion reactions. Such ideas of Bianka Tchoubar
were severely criticized in Parisian scientific circles
of that time [2]. During the defense of the Bianka
Tchoubar’s thesis, the opponent, French spectro-
scopist Pauline Ramar-Luca, called the presented
explanations of the reaction mechanisms “ephe-
meral theories”. The only supporter of the young
scientist’s novelties was the chairman of the doc-
toral jury, Edmond Bauer. The theoretical chemist
was impressed by the Bianka’s work and accepted
her ideas with enthusiasm and encouragement.

The Bianka Tchoubar’s doctoral thesis was
the first French research work to explain organic
reaction mechanisms in terms of mesomerism and
the formation of charged intermediates. Bianka
Tchoubar was responsible for bringing the widely
accepted ideas of Hans Meerwein, who postulated
the existence of carbocationic intermediates in
the pinacol-pinacolone rearrangement between
1922 and 1927, to French organic chemistry [2].

Journal of Organic and Pharmaceutical Chemistry 2022, 20 (2)

3. “Anglo-American” Theories and Center
No.12 of the French National Center for
Scientific Research

French colleagues never refrained from criti-
cism for Bianka Tchoubar’s pertinent and witty
interpretations of the mechanistic features of
chemical reactions “with English accent”. Rejec-
tion and occasional ridicule of her ideas did not
cease even after she was awarded her doctorate
degree. It should be noted that French organic
chemistry in the twentieth century had a rather
strong “chauvinistic inclination” [7]. Achievements
of quantum mechanics introduced into chemistry
by the American and British chemists led by Linus
Pauling and Christopher Ingold were rejected.
That the 1912 Nobel Prize in Chemistry that was
jointly awarded to two French researchers, Victor
Grignard and Paul Sabatier seemed to have an im-
pact to this field of science in France. This gesture
of recognition of the French chemical science led to
its isolation and Franco-centricity for the decades
to come. There was an excessive and sometimes
biased emphasis on selected research only because
of their performance in France, a politicized ap-
proach to research funding and staffing, and de-
liberate prevention of scientific progress through
the introduction of external scientific ideas from
the so-called “unfriendly” countries. Moreover, the
extremely influential Parisian chemists Charles
Prévost and Albert Kirrmann monopolized French
organic chemistry in the post-war period. They had
been promoting Prévost’s theory of organic re-
actions from their position of power, despite its
ridicule at the international level. Prévost’s ac-
counts of organic reactions formulated in terms
of “syniony” and “metiony”, despite their outright
inconsistency, had thus become the only acceptable
theory in French laboratories and classrooms after
World War II. In addition to the anti-British and
anti-American sentiments that prevailed in the
French society after World War I1, as a result of the
Vichy regime’s propaganda, the French govern-
ment had also established control over the cir-
culation of English literature, manifested in its
artificially limited availability [7].

The French reluctance to accept the revolu-
tionary ideas of their British and American
counterparts was the main reason of the Bianka
Tchoubar’s scientific career slowdown at the
French National Center for Scientific Research.
Due to the inconsistency of political views, her
appointment to a full-time research position
was delayed until 1955. In 1957-1958, Bianka
Tchoubar organized countless seminars, at which
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she presented the electronic theories of organic
reactions [1-3, 7]. As a summary of seminar re-
ports, in 1960, she wrote a book “Mechanisms of
Organic Reactions”, which was the first French
textbook to present the quantum theories of che-
mical bonding. The famous quotation of Claude
Bernard was chosen as the epigraph for this book:
“If a theory was considered perfect and was no
longer tested, it would have become a dogma” [8, 9].
The book was positively accepted by the world
scientific community and translated into six lan-
guages [1-3, 7]. The presentation of the already
widely accepted quantum-mechanical theories of
chemical bonding to the French audience has led
to a paradigm shift in the 20 century French
organic chemistry [7].

As early as in 1961, Bianka Tchoubar was ap-
pointed Director of Research at the French Na-
tional Center for Scientific Research and headed
her first research group at the Institute for Che-
mistry of Natural Substances in Gif-sur-Yvette,
Ile-de-France. Bianka Tchoubar’s ideas were re-
cognized even more widely in 1968, when she was
appointed Director of Research at Center no.12
of the French National Center for Scientific Re-
search in Thiais, Ile-de-France. This research group
included more than 70 chemists who conducted
extensive research in various fields of organic
chemistry. It was the largest center for organic
chemistry research in France at that time [2].

Scientific research at Center no.12 has focused
on the fundamental study of organic reaction
mechanisms. Considerable attention was also paid
to the synthesis of biologically active substances
and drug development. Under the supervision of
Bianka Tchoubar at the CNRS Center no.12, the
antispasmodic drug Spasmodex was developed.
The active compound of this drug is dihexyverine
(2-(piperidin-1-yl)-ethyl-[1,1’-bi(cyclohexane)]-
1-carboxylate) (Figure 2) [3].

Colleagues and students reminisce about
Bianka Tchoubar being a gifted research supervisor,
whose priority was a friendly atmosphere in the
group. Bianka Tchoubar took each and every aspect
of the research papers published under the CNRS
Center no.12 affiliation as her personal responsi-
bility. For these reasons, no research work in these
laboratories was published without prior review
by Bianka, even as she did not claim co-authorship
in these works, thereby paving the path for young
scientists. That is why, in 10 years of managing
the laboratories of Center no.12, she agreed to put
her name in 5 publications only, instead giving
the real distinction to her colleagues [2, 3].

i //\j
N
O/\/

Dihexyverine (Spasmodex)

Figure 2. Dihexyverine structure

Monday seminars of young researchers were
another tradition at Center no.12, led by Bianka
Tchoubar. Former graduate students of Bianka
recall that she appeared to be always shrouded in
a thick cloud of cigarette smoke at the seminars.
Her presence in the front rows of the auditorium was
ubiquitous, where she actively and passionately
discussed research results. Not self-serving, this
scientist never used her established authority to
dominate scientific discussions, which earned her
the respect of colleagues [1-3].

Bianka Tchoubar tirelessly incorporated the
ideas of quantum chemistry into the interpreta-
tion of the results obtained in her own laborato-
ries. Despite the experimental nature of her own
research, she was also interested in the achieve-
ments of theoretical branches of chemistry, which
were developing extremely rapidly in that pe-
riod [2].

4. Scientific Research in the USSR and
Last Years of Life

Bianka Tchoubar first met with Yevhen Shilov
at the IUPAC International Congress of Applied
Chemistry in Paris in 1957. Dr. Shilov was the
Head of the Laboratory of Organic Reaction Me-
chanisms of the Institute of Organic Chemistry
of the Ukrainian Soviet Socialist Republic Acade-
my of Sciences (Figure 3). Having common in-
terests and like-minded scientific views, a deep
friendship grew between Bianka Tchoubar and
Yevhen Shilov. Likewise, these same common-
alities led to the subsequent friendship with his
son, Oleksandr Shilov, who later became an aca-
demician of the USSR and of the Soviet Academy
of Sciences [10]. The friendship with the Shilovs
was the impetus for Bianka Tchoubar’s research
in the field of coordination chemistry.

In 1974, Bianka Tchoubar began studying the
reduction of molecular nitrogen in coordination
compounds of iron. She conducted such research
in collaboration with colleagues and friends from
the former Soviet Union, including Yevhen Shilov
from the Academy of Sciences of Ukraine, with
whom she met several times at the Institute
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Figure 3. Bianka Tchoubar with the Head of the Laboratory of Organic Reaction Mechanisms of the Institute of Organic Chemistry
of the Ukrainian Soviet Socialist Republic Academy of Sciences Dr. Yevhen Shilov in Paris (1957).

The picture is reproduced from reference [10]

of Organic Chemistry of the National Academy of
Sciences of Ukraine in Kyiv. Much of the research
in this period of her life was conducted with the lead-
ing Soviet organic chemists Alla and Oleksandr
Shilov (Figure 4), as well as with the 1956 Nobel
Laureate in Chemistry Nikolai Semenov [1-3].
The results of iron complexes investigation led to
amassing of a significant array of data on the salt
effect influence on organic reaction kinetics [2, 11].

During her last years at the French National
Center for Scientific Research, Bianka Tchoubar
actively collaborated with the French spectrosco-
pists Didier Astruc and Georges Bram. Their joint
research was dedicated to the study of microwave
activation effects on organic reactions, as well
as to the organic reactions occurring in the ab-
sence of the solvent [3].

Bianka Tchoubar officially retired from the
French National Center for Scientific Research
in 1978, but never left her love of science behind,
continuing to be active in new for her fields of
organic chemistry.

In 1981, Bianka Tchoubar was awarded the
Louis Jecker Prize (Prix Jecker) of the French
Academy of Sciences. Interestingly, Bianka’s

mentor, Marc Tiffeneau, received this award
three times: in 1911, 1922 and 1923 [3].

Together with André Loupy in 1988, she wrote
a book “Salt Effects in Organic and Organo-
metallic Chemistry”, which was translated into
several foreign languages [2, 11].

The last experiments Bianka Tchoubar con-
ducted were designed to study solvent effects on the
competition of S,2 and E2 reactions [2]. Her last
paper was a literature review “Salt Effects as
a Result of Ion Vapor Exchange” published in the
Chemical Review, co-authored with André Loupy
and Didier Astruc [12]. In total, Bianka Tchou-
bar authored some 140 scientific papers [3].

Bianka Tchoubar passed away on April 24,
1990, and was buried at the Sainte-Genevieve-
des-Bois cemetery in the Essonne department,
Ile-de-France.

B Books

Mechanisms of organic reactions (1960)

This textbook easily fitting in a lab coat
pocket was a huge success and quickly earned
the nickname of “The Little Tchoubar”.
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Figure 4. Bianka Tchoubar with the Shilovs. Left to right: Alla Shilova, Bianka Tchoubar, and Oleksandr Shilov.

The figure is reproduced from reference [2]

The first four chapters of the book are dedi-
cated to molecular orbital hybridization, bond
polarity and polarizability, inductive and meso-
meric electronic effects, and modern theories of
acids and bases. These sections reflected the in-
fluence of Christopher Ingold’s research in the
field of organic chemistry [9].

The remaining nine chapters cover some is-
sues of chemical kinetics and transition states,
as well as individual aliphatic substitution re-
actions, elimination and addition reactions, as
well as prototropic processes, carbonyl group re-
actions, and aromatic substitutions [9].

There were several mechanistic interpreta-
tions that turned out to be proven wrong with time.
In particular, the textbook proposes a carbanion
mechanism of deuteroexchange with halogenated
substrates, instead of £2. However, the overall
content of the textbook has withstood the test of
time, with such inaccuracies being rare occur-
rences [13].

Salt effects in organic and organometallic
chemistry (1988)

This book was co-authored with André Loupy.

The first chapters of the book discuss the ba-
sics of the theory of Lewis acids and bases, ion
pairs, salt effects in chemical bond cleavage,

electrophilic and nucleophilic induction of hete-
rolytic bond cleavage in halogenated substrates,
specific salt effects in S,2 reactions, salt effects
during multiple bonding reactions in ketones,
esters, and nitriles, drying effects, bifunctional
catalysis and electrophilic addition to carbon-
carbon double bonds.

Subsequent sections examine salt control over
regioselectivity, stereoselectivity of substitution,
addition, and elimination reactions, as well as the
means of controlling the chemical equilibrium by
salt and solvent effects.

The final section of the book analyzes the role
of the aforementioned phenomena in organo-
metallic chemistry [11, 14].
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Synthesis and the Antimicrobial Activity of Salt Carbenoid
Compounds

Abstract

Aim. To synthesize aliphatic and aromatic derivatives of salt carbenoid compounds of the series of imidazole, benzimidazole,
pyridine, pyrimidine and 1,3,4-oxadiazole containing fluorophenyl, cetyl or adamantyl substituents, and study their antimi-
crobial (antibacterial and antifungal) activities.

Results and discussion. New derivatives of heterocyclic carbenoid salts and zwitterions based on the imidazole, benzimidazole,
pyridine, pyrimidine and 1,3,4-oxadiazole heterocyclic systems containing fluorophenyl, cetyl or adamantyl substituents were
synthesized. For this purpose, reactions of cyclization of the corresponding diimines with ethoxymethyl chloride (imidazolium
salts), quaternization of the corresponding azoles with cetyl bromide or 1-adamantyl bromide in organic solvents (benzimidazo-
lium, pyridinium and 1,3,4-oxadiazolium salts), cyclization of di(1-adamantylamino)alkanes hydrobromides with the orthoformic
ester (4,5-dihydroimidazolium and tetrahydropyridinium salts) were used. Zwitterionic compounds were obtained by the
reaction of the corresponding azolium salts with phenyl isothiocyanate in the presence of potassium carbonate. Some mac-
rocyclic and adamantyl substituted heterocyclic compounds showed antifungal and antibacterial activities.

Experimental part. The structure of the compounds synthesized was proven by *H and **C NMR spectroscopy methods. The an-
timicrobial activity was studied out by the agar diffusion method to determine diameters of the growth inhibition zones of
microorganisms (bacteria and fungi) and by the method of serial dilutions to determine the minimum inhibitory concentra-
tion and minimum bactericidal and fungicidal concentrations.

Conclusions. The synthesis of new heterocyclic carbenoid salts and zwitterions based on the imidazole, benzimidazole, pyri-
dine, pyrimidine and 1,3,4-oxadiazole heterocyclic systems containing fluorophenyl, cetyl or adamantyl substituents has
been performed. Compounds of macrocyclic and adamantyl heterocyclic series with antifungal and antibacterial activities
have been found. 1,3-Dicetylimidazolium bromide, macrocyclic bis(decylenebenzimidazolium) bromides, azolium-N-phe-
nylthiocarboximides have been proven to be the most active.

Keywords: fluoroaryl, cetyl-, 1-adamantyl substituted heterocyclic salts; antimicrobial activity
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CuHTE3 | aHTUMIKPOOGHA aKTUBHICTb CO/IbOBUX KapbeHoigHUX cnonyk

AHoTauinA

MeTta. CuHTe3yBaTu anipaTUYHi 1 apomMaTUYHI NOXiAHI CONbOBUX KapbeHoigHUX CnonyK paay imiaasony, 6eHsimigasony,
nipuaunHy, nipumignHy Ta 1,3,4-okcagiasony, Wo MicTaTb GpayopodeHinbHi, UeTUNbHUI abo aflaMaHTUABbHUIA 3aMICHUKM, Ta

[OCNIANTU IXHIO aHTUMIKPOOHY (aHTMGaKTepianbHy M NPOTUTPUOKOBY) aKTUBHICTb.
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Pe3ynbrati Ta ix 06rosopeHHA. CHTE30BaHO HOBI MOXiAHi reTePOUNKNIYHUX KapbeHOIAHNX conel i LBiTepioHiB Ha OCHOBI
cucTem imigasony, 6eHsimigasony, nipuaunHy, nipumianndy Ta 1,3,4-oKkcagiasony, Wo MicTaTb pyopodeHinbHi, LeTUNbHNUI
260 afamMaHTUAbHUIN 3aMiCHUKMK. [NA LUbOro 3aCTOCOBAHO peakKuii uMKnisauii BignosigHux AiimiHiB gieto eTokcMmeTunxno-
punay (imigasoniesi coni), KBaTepHi3zad,i BiagnoBigHMX a30iB LeTUNBPOMIAOM abo 1-aa4aMaHTUNBPOMIAOM B OpraHiuYHUX PO3-
UMHHUKaX (beH3imigasoniesi, nipuanHiesi Ta 1,3,4-okcaaiasoniesi coni), ymKknisauii rigpobpomiais ai(1-agamaHTnIamMiHO)-
ankaHiB opTodpopmiaTHUM ecTepom (4,5-gurigpoimigasoniesi Ta TeTparigponipumigmnHiesi coni). LiBiTepioHHI cnonyku otpum-
MaHO peakKLui€elo BiAnoBigHNX a3onieBnx coneli 3 peHinisoTioliaHaToM y NPUCYTHOCTI Kanili KapboHaTy. BUsBaeHO pevyoBUHMU
MaKPOUMKIYHOIO 1 aflaMaHTUIreTEPOLMKIIIYHOIO psaay 3 NPOTUrPMOKOBOIO Ta aHTUOAKTEPiaIbHOK aKTUBHICTIO.
EKcnepumeHTanbHa YacTMHa. byaoBy cMHTe30BaHMX CNOAYK AoBeAeHO meTodamu tH Ta 3C AMP-cnekTpocKonii. AHTUMIKPOBHY
AKTUBHICTb AOCNIAXKYBAIM METOAOM AMdY3ii pEYOBMHM B arap 3 BUSHAYEHHAM AjaMeTPiB 30H 3aTPUMKM 3POCTaHHS MIKpOOpraHis-
MmiB (6aKTepiit i rpmbis) Ta MeToA0OM cepiliHMX PO3BeAeHb i3 BU3SHaYEHHAM MiHiManbHOI iHriByBabHOI Ta MiHIMaNbHUX BaKkTepun-
UMAHOT | GYHriLMAHOI KOHUEHTpPALiN.

BUCHOBKM. 34i1MCHEHO CUHTE3 HOBUX reTepPOLMKNIYHMUX KapbeHOoTgHNX conei i UuBiTePiOHIB HAa OCHOBI cUCTEM iMigaszony,
6eHsimigasony, nipuaunny, nipumignHy Ta 1,3,4-okcagiasony, Wo mictatb GayopodeHinbHi, LeTUAbHMIA abo afaMaHTUIbHWIA
3aMiCHUKMW. BUABNEHO PEYOBUHM MAKPOLMKAIYHOIO M aAaMaHTUATETEPOLMKAIYHOIO PAAY 3 NPOTUIPMOKOBOID Ta aHTUOAK-
TepianbHOK aKTUBHICTIO. Halibinbw akTMBHMMMK BUABUAMCA 1,3-guueTunimigasoniin 6pomig, makpoumKknivHi bic-geumneH-
6eHsimiaasoniii bpomian, asonin-N-odeHinTiokapbokcimign.

Knwuoei cnosa: dnyopoapun-, uetmn-, 1-agamMaHTUI3aMilLLEH] reTePOUMKAIYHI COoNi; aHTUMIKPOBOHa aKTUBHICTb
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B Introduction

Heterocyclic salts have recently attracted
researchers’ attention with their biological ac-
tivity (see, for example, a detailed review [1]).
Compounds with antimicrobial, antitumor, anti-
protozoal and other types of activity were found.
The bactericidal activity has been determined for
derivatives of ionic liquids [2—6], which are mostly
imidazolium salts with one long aliphatic N-substi-
tuent. Oligomeric imidazolium salts with the anti-
microbial activity are described in the works [1, 7].
The authors of the article have been studying the
antimicrobial activity of both organic salts and car-
bene complexes of silver, copper(I), nickel, cobalt
and palladium, and have found a particularly
highly active derivatives of adamantyl-contain-
ing 1,2,4-triazolium salts [8—12]. In the research
[10], a highly active antimicrobial substance be-
longing to macrocyclic salts of the imidazole se-
ries has also been revealed.

This study aims to synthesize aliphatic and
aromatic derivatives of a series of imidazole,
benzimidazole, pyridine, pyrimidine and 1,3,4-oxa-
diazole with fluorophenyl, cetyl and adamantyl
substituents and study their antimicrobial (an-
tibacterial and antifungal) activities. It is also
important to compare active carbenoid salts and
their methyl-substituted (non-carbenoid) analogs.

B Results and discussion

1. The synthesis of imidazolium salts with
cetyl and fluorophenyl substituents

A number of known antimicrobial compounds
have long aliphatic substituents or fragments in
their structure (e.g. 1-cetylpyridinium chloride,
undecylenic acid and their derivatives). The ef-
fect of aliphatic groups on the antimicrobial ac-
tivity of these compounds has not been fully elu-
cidated though.

We have synthesized ionic compounds with
cetyl substituents based on imidazole and ben-
zimidazole, which are analogs of ionic liquids of
the imidazole series. The reactions were carried
out with the corresponding azoles and cetyl bro-
mide in dioxane in the presence of sodium acetate.
As a result, salts 1a and 2 were formed with the
yields of 40—75% as colorless substances, which
themselves might be of interest as potential bio-
logically active compounds (Scheme 1).

The structures of salts 1a and 2 were confir-
med by 'H and *C NMR spectroscopy. Typical C*H
proton signals in the region of 10.1-10.3 ppm can
be found in the *H NMR spectra of the compounds.
The signals of the aliphatic fragment are obser-
ved in the region of 0.71-0.82 ppm (CH,C),
1.08-1.40 ppm (CH,C), 1.76—1.94 ppm (CH,CN),
4.20—4.47 ppm (CH,N). Resonances of imidazole
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Scheme 1. The synthesis of cetyl substituted ionic compounds 1a and 2

C*5H protons of compound 1la are at 7.49 ppm.
The 3C NMR spectra of compounds 1a and 2 con-
tain signals of C? carbon atoms in the range of
136.5-142.6 ppm, C*® atoms of the imidazole ring
of compound 1a at 122.41 ppm. The resonances
of aliphatic fragments are at 14.08-14.19 (CH,C),
22.64-22.75 (C*H,C), 26.22-26.63 (C*H,C),
29.01-29.76 (other CH,C), 31.87-31.98 (CH,CN)
and 47.79-49.99 ppm (CH,N).

The synthesis of fluorine-containing imidazo-
lium salts 1b,c was carried out by the reaction
of glyoxal with the corresponding amines and the
subsequent cyclization of the diimines 1A ob-
tained under the action of ethoxymethyl chloride
(Scheme 2). The salt yields are low (21-31%).

In the 'H NMR spectra of salts 1b,c the cha-
racteristic signals of C*°H protons at 7.87 and
8.43 ppm, and C?H protons at 10.08—10.35 ppm
are observed.

Thus, new imidazolium and benzimidazolium
salts with cetyl groups (1a, 2) and imidazolium

salts with fluorophenyl substituents (1b,c) were
synthesized.

2. The synthesis of macrocyclic ionic com-
pounds of the imidazole and benzimidazole
series

In the work [10], we synthesized macrocyclic
ionic compounds from imidazole, which proved to
be effective as antimicrobial agents. Therefore, it
was promising to synthesize related compounds,
particularly from other azoles.

In this section, we describe the synthesis of
macrocyclic analogs of the above carbenoids, which
were obtained by quaternization of bis-azolylal-
kanes with dihaloalkanes. In this case, decane
units were used.

Initial compounds 3A, 4A were prepared in situ
by heating the corresponding benzimidazoles and
imidazoles with 1,10-dibromodecane in o-dichlo-
robenzene followed by deprotonation of the bis-
imidazolylalkane salts obtained by sodium acetate

:@ /PrOH

1b,c

b:R=R'=R"=F X=Cl
c:R=CF3 R'=R"=

Scheme 2. The synthesis of fluorine-containing imidazolium salts

L
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ZnCly, CHCl;

followed by
NaClQ4 for 1c

Rll
1A

ClO,
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in acetonitrile similarly to the methods of works
[10, 11]. The interaction of 1,10-bis(1-benzimi-
dazolyl)decanes 3A with 1,10-dibromodecane in
acetonitrile yielded macrocyclic salts 3a,b with
the yields of 93—98% (Scheme 3). Compound 3a
crystallized well from acetonitrile. Compound 4b
was similarly prepared from 2-methylimidazole
in the yield of 32%. The latter is analogous to
compound 4a synthesized in the work [10]. Methyl-
substituted compounds 3b and 4b are hygroscopic.

The 'H NMR spectra of compounds 3a,b, 4b
contain specific resonances of aliphatic bridges in
the ranges of 0.91-1.33 ppm (CH,C), 1.68-1.73 ppm
(CH,CN), 4.13-4.27 ppm (CH,N), signals of aroma-
tic protons, and for 3a proton signal at 10.62 ppm
(C?H). In the *C NMR spectra of compounds 3a,b,
4b, signals of C2N carbon atoms in the region of
141.78-147.06 ppm, resonances of aliphatic units
of CH,N groups at 47.35-52.22 ppm and other
atoms of these units at 26.07—33.96 ppm are ob-
served.

3. The synthesis of adamantyl-containing
heterocyclic compounds

It is well known that adamantane derivatives
have been proven to be effective antiviral agents,
for instance the influenza A M2 ion channel pro-
tein inhibitors rimantadine and amantadine.
The latter is also used as an antiparkinsonian
agent inhibiting a NMDA-type glutamate recep-
tor, increasing the dopamine release, and blocking
the dopamine reuptake. Adamantyl-containing
heterocyclic salts and their complexes have al-
ready been studied by the authors of the articles

[8-10, 12, 13], which allowed to find new effec-
tive antimicrobial agents. In this paper, we con-
tinue our investigations aiming at synthesizing
similar salt systems with the adamantane group.

Thus, we have found out that heating of 2-phe-
nyl-1,3,4-oxadiazole with 1-adamantyl bromide
in acetic acid leads to the formation of salt 5
with the yield of 40%, which is very labile under
the action of even weak alkalis (potassium car-
bonate or acetate) and gives the product of hy-
drolysis of an intermediate carbene (due to the
presence of a minute amount of water) — acyclic
hydrazide 6 with the yield of 81% (Scheme 4).

The structure of salt 5 was confirmed by
'H NMR spectroscopy. Characteristic signals in
the spectrum are the meso-proton signal C*H
(11.76 ppm), as well as the resonances of CH,-pro-
tons (1.58 and 1.89 ppm) and CH-protons (2.10 ppm)
of the adamantyl ring. Proton signals of aromat-
ic nucleus are observed at 7.63 and 7.65 ppm.
Characteristic signals of adamantyl (1.58, 2.00,
2.54 ppm) and formyl (9.79 ppm) protons are ob-
served in the '"H NMR spectrum of compound 6.

A similar adamantyl derivative 7a was also ob-
tained by heating pyridine and 1-bromoadaman-
tane in acetic acid, followed by the ion exchange
to perchlorate with the yield of 54% (Scheme 4).
The subsequent exchange of a perchlorate ion to
1odide gives the corresponding salt 7b.

In the 'H NMR spectrum of compound 7a pro-
ton signals of adamantyl groups at 1.75-2.30 ppm,
as well as the resonance of C>$H protons (9.31 ppm),
C3*H-protons (8.16 ppm) and C*H-proton (8.59 ppm)
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Scheme 4. Synthetic approaches to the adamantyl-containing salts
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To study the antimicrobial activity, the six-
and five-membered formamidinium salts (tetra-
hydropyrimidinium 8 and 4,5-dihydroimidazo-
lium 9) recently described [14, 15] were also ob-
tained by the condensation of the corresponding di-
bromoalkanes with 1-aminoadamantane and the
subsequent cyclization of the intermediate diami-
noalkanes with the orthoformic ester (Scheme 4).

Zwitterionic compounds also have an ionic struc-
ture although they do not contain external anions.
Fluorine-containing zwitterion 10 (94% yield) and
for comparison the known compound 11 (81% yield)
were both synthesized by in situ conversion of
the corresponding salts in the reaction with phe-
nylisothiocyanate in the presence of potassium
carbonate in acetonitrile at room temperature.
Previously, compound 11 was also obtained by the
reaction of the corresponding carbene with phe-
nylisothiocyanate [16]. It should be noted that
obtaining carbene from salt 1c is impossible due
to its easy dimerization. Only in situ the approach
was realized (Scheme 5).

4. The antimicrobial activity of the com-
pounds synthesized

In this work, the antimicrobial activity of the
compounds synthesized against bacterial strains
of Escherichia coli 67, Staphylococcus aureus 209 P

and Mycobacterium luteum VKM B-868, as well
as fungi strains of Candida tenuis VKM Y-70
and Aspergillus niger VKM F-1119, was studied.
The study was carried out by two methods [17, 18]:
1) the agar diffusion method to determine diame-
ters of the growth inhibition zones of microorga-
nisms (Method A), and 2) the serial dilutions me-
thod to determine the minimum inhibitory concen-
trations (MIC) and minimum bactericidal (MBC)
and fungicidal (MFC) concentrations (Method B)
(see Experimental part). The activities of the com-
pounds synthesized were compared to the acti-
vity of a known broadly used antimicrobial drug
1-cetylpyridinium chloride 12, which characte-
ristics are given under the same conditions in
the article [16], and with the activity of selected
compounds 13, 14 synthesized in the work [8].
The diameters of the growth inhibition zones
of microorganisms are given in Table 1. The re-
sults obtained indicate that compounds 3a, 4b,
8, 9 are among the most active in the concentra-
tion of 0.5%, but further dilution nullifies the
activity. A comparison of the properties of com-
pound 4a synthesized earlier [10] with the com-
pounds studied, in particular, macrocyclic ones
3a,b and 4b, also shows greater activity of the
former derivative 4a. The same can be said
about diadamantyl-containing salts 8, 9, which
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Scheme 5. The synthesis of zwitterionic compounds 10, 11 from azolium salts

Table 1. The antimicrobial activity determined by the agar well diffusion method (Method A)

The diameter of the growth inhibition zones®™ (n = 3), mm
Compound® [ Concentration, % E coli 67 S qureus 209 P \//\Iﬂmjlué?gg; \/CKE/Tr;l_I;SO VK,:}Ir::/?lelrlg
1a 0.5 0 0 0 0 0
0.1 0 0 0 0 0
b 0.5 0 0 0 0 8.0+0.2
1 0.1 0 0 0 0 0
0.5 0 0 0 0 7.0x0.1
le 0.1 0 0 0 0 0
0.5 0 10.0+0.3 10.0£0.1 0 10.0+0.1
3a 0.1 0 0 0 0 0
b 0.5 0 0 0 0 7.0£0.2
3 0.1 0 0 0 0 0
4a [10] 0.5 15.4+04 21.4+0.2 23.0+£0.3 18.0+0.2 9.7+0.2
0.1 7.0+0.1 15.0+0.2 14.0+0.3 12.0+0.2 6.0+£0.1
ab 0.5 8.4+0.2 10.0+0.2 15.0+04 10.0+0.2 7.0+£0.2
0.1 0 0 0 0 0
5 0.5 0 0 0 0 10.0+0.1
0.1 0 0 0 0 0
0.5 0 0 0 0 0
7a
0.1 0 0 0 0 0
7b 0.5 0 0 0 0 8.0+0.2
0.1 0 0 0 0 0
0.5 0 15.0+0.3 12.0+0.2 0 10.0+0.1
8 0.1 0 0 0 0 0
9 0.5 10.0£0.2 15.0+£0.4 15.0£0.2 0 0
0.1 0 0 0 0 0
0.5 0 0 0 0 0
10 0.1 0 0 0 0 0
0.5 0 0 0 0 7.0x0.1
1 0.1 0 0 0 0 0
0.5 0 0 14.4+0.3 0 10.0+£0.2
1210] 0.1 0 0 12.0+0.2 0 7.0+£0.1
13 [8] 0.5 0 22.3+0.3 39.3+0.2 0 156+0.3
0.1 0 19.6+0.2 32.3+0.3 0 10.0+0.1
14 (8] 0.5 11.3+0.2 23.6+0.4 35.6+0.2 0 0
0.1 0 16.0+0.2 24.0+£0.3 0 0

Notes: [a] compound 2 could not be studied due to its low solubility; [b] control values correspond to 0 mm
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are less active than diadamantyl-containing
salts 13, 14 (Figure) synthesized in [8].

Table 2 shows the data of the minimum in-
hibitory concentration (MIC) and the minimum
bactericidal concentration (MBC) of the com-
pounds synthesized against the bacterial strains
determined by the method of serial dilutions
(Method B).

As one can see from Table 2, for most com-
pounds the antibacterial activity is low or absent
in the concentrations studied. But macrocyclic
compounds 3a,b have good indicators of both
MIC and MBC (not more than 62.5 pg mL™).
The activity of compound 3a, for which the MIC
reaches 7.8 pg mL7, and MBC 15.6 ng mL! on
the culture of M. luteum, is particularly high.
For compound 11, the MIC observed is 7.8 pg mL.
It should be noted that in most cases, a high ac-
tivity of the compounds studied is observed for
only one culture — M. luteum. For comparison,
the activity of compound 4a [10] previously syn-
thesized is much higher (MIC and MBC reaches
3.9 ng mL! against the E. coli and M. luteum

cultures). Compared to the activity of compound 12
MIC 3.9 and 7.8 pg mL* and MBC 7.8 and
15.6 pg mL! on the cultures of S. aureus and
M. luteum, respectively), the related imidazo-
lium salt 1a showed a substantially lower anti-
microbial action.

Table 3 shows similar indicators of MIC and
MFC determined by the Method B on the cul-
tures of fungi C. tenuis and A. niger.

As can be seen from these data, a sufficient-
ly high activity is observed for compound la
on the C. tenuis culture (MIC 15.6 pg mL™?,
MFC 31.2 ng mL™?), however, these values indi-
cate a slightly lower fungicidal effect than that
for pyridinium salt 12 (MIC 3.9 pg mL*, MFC
7.8 pg mL™?) and especially for macrocyclic salt 4a
(MIC 1.9 pg mLt, MFC 3.9 ng mL™). The cul-
ture of C. tenuis is more sensitive to the action
of carbenoid compound 3a (MIC 7.8 ng mL?,
MFC 15.6 pg mL!) compared to that of non-car-
benoid compound 3b (MIC 31.2 pg mL™, MFC
62.5 ng mL" against the culture of C. tenuis and
MIC 62.5 ng mL! against the culture of A. niger).

Table 2. Minimum inhibitory concentrations (MIC) and minimum bactericidal concentrations (MBC)®'®! of the compounds determined

by the serial dilutions method (Method B)

Bacteria cultures
Compound™ E. coli 67 S. aureus 209 P M. luteum VKM B-868
MIC, ug mL™? MBC, ug mL? MIC, ug mL* MBC, ug mL MIC, ug mL™ MBC, ug mL?
1a + + 250.0 500.0 250.0 500.0
1b + + + + 250.0 500.0
1c + + 250.0 500.0 125.0 500.0
3a + + + + 7.8 15.6
3b + + + + 31.2 62.5
4a [10] 3.9 3.9 31.2 62.5 3.9 3.9
4b + + + + 250.0 500.0
5 + + + + + +
7a + + + + 250.0 500.0
7b + + 250.0 500.0 250.0 500.0
8 + + 31.2 62.5 31.2 62.5
9 125.0 250.0 31.2 62.5 15.6 62.5
10 + + + + + +
11 + + + + 7.8 Nt
12 [10] 31.2 125 3.9 7.8 7.8 15.6

Notes: [a] “+” means no antibacterial effect was observed in the concentrations studied (growth of the microorganisms); [b] control values correspond
to “+”; [c] Compound 2 could not be tested due to its low solubility; [d] no indicator of bactericidal effect was found in the concentrations studied
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Table 3. Minimum inhibitory concentrations (MIC) and minimum fungicidal concentrations (MFC)2®! of the compounds determined

by method of serial dilutions (Method B)

Fungi cultures
Compoundt! C. tenuis VKM Y-70 A. niger VKM F-1119
MIC, ug mL™ MFC, ug mL™ MIC, ug mL™ MFC, ug mL™
la 15.6 31.2 + +
1b + + 250.0 500.0
1c 125.0 250.0 500.0 N
3a 7.8 15.6 125.0 250.0
3b 31.2 62.5 62.5 250.0
4a [10] 1.9 3.9 3.9 62.5
4b 500.0 N 500.0 N
5 + + 500.0 N
7a + + + +
7b 250.0 500.0 250.0 N
8 250.0 500.0 500.0 N
9 125.0 250.0 + +
10 + + + +
11 + + 62.5 N
12 [10] 3.9 7.8 7.8 62.5

Notes: [a] “+” means no antifungal effect was observed in the concentrations studied (growth of the microorganisms was observed); [b] control values
correspond to “+”; [c] compound 2 could not be tested due to its low solubility; [d] no indicator of fungicidal effect was found in the concentrations

studied

Zwitterion 10 also noticeably inhibits the growth
of A. niger (MIC 62.5 pg mL™).

Thus, we have found new compounds 1a, 3a,b,
10, 11 with the antimicrobial activity, which can
be used as a basis for new improved series of com-
pounds for biological research.

B Conclusions

The synthesis of new heterocyclic carbenoid
salts and zwitterions based on the imidazole,
benzimidazole, pyridine, pyrimidine and 1,3,4-oxa-
diazole heterocyclic systems containing fluoro-
phenyl, cetyl or adamantyl substituents has been
performed. Compounds of macrocyclic and ada-
mantyl heterocyclic series with antifungal and
antibacterial activities have been found. 1,3-Di-
cetylimidazolium bromide, macrocyclic bis(decy-
lenebenzimidazolium) bromides, azolium-N-phe-
nylthiocarboximides have been proven to be the
most active.

m Experimental part

'H NMR and *C NMR spectra were recorded
using a Bruker Avance II 400 spectrometer
(400 MHz for 'H NMR and 100 MHz for *C NMR
spectra) in DMSO-d, or CDCI, solution. The 'H NMR
and *C NMR chemical shifts are reported rela-
tive to tetramethylsilane (TMS) (solution). To as-
sess purity of the compounds synthesized, thin-
layer chromatography was performed on silica

gel with chloroform or the mixture of chloroform
and methanol (10:1) as an eluent, followed by de-
velopment with iodine. Melting points were mea-
sured on a Boethius chair (Nagema, Germany).
The elemental analysis was performed in the
analytical laboratory of the Institute of Organic
Chemistry of the National Academy of Sciences
of Ukraine. Commercial solvents and reagents
were used in the syntheses, except specially in-
dicated cases.

1,3-Dicetylimidazolium bromide (1a)

The mixture of imidazole (0.68 g, 10 mmol,
1.0 equiv) and hexadecyl bromide (7.32 g, 24 mmol,
2.4 equiv) in anhydrous dioxane (3 mL) was stir-
red at 100°C for 1 h. Then anhydrous sodium
acetate (0.821 g, 10 mmol, 1.0 equiv) was added
to the solution and stirred at 100°C for 16.5 h.
The precipitate of inorganic salts was filtered off.
The solution was heated to boiling and cooled to
room temperature. A colorless precipitate formed
was filtered off, washed with hexane and dried.

Yield —4.47 g (75%). M. p. 65°C. Anal. Calcd
for C,;;HBrN,, %: C 70.32; H 11.63; Br 13.37,
N 4.69. Found, %: C 70.40; H 11.65; Br 13.29; N
4.67. '"H NMR (400 MHz, CDCl,), §, ppm: 0.71
(6H, s, 2xCH,C); 1.08 (52H, m, 26xCH,C); 1.76
(4H, s, 2xCH,CN); 4.20 (4H, s, 2xCH,N); 7.49
(2H, s, C**H,,); 10.07 (1H, s, C*HN). *C NMR
(100 MHz, CDCl,), 6, ppm: 14.08 (CH,C); 22.64
(C*H,0); 26.22 (C°*H,C); 29.01 (C*H,C); 29.32
(C°H,0); 29.40 (C°H,C); 29.51 (C'H,C); 29.60,
29.62, 29.63, 29.66 (C**H,C); 30.32 (CH,CCN);
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31.87 (CH,CN); 49.99 (CH,N); 122.41 (C*5);
136.48 (C2N).

1,3-Bis(2,3,4-trifluorophenyl)imidazolium
chloride (1b)

Step 1. N,N'-Bis(2,3,4-trifluorophenyl)gly-
oxaldiimine. The solution of 2,3,4-trifluoroani-
line (4.9 g, 33.3 mmol) and 40% glyoxal solution
(4.83 g, 33.3 mmol) in 20 mL of isopropyl alco-
hol was stirred at room temperature for 7 days.
The solvent was evaporated, and the resulting
residue containing diimine 1A was used without
purification in the next step.

Step 2. The cyclization reaction. Anhydrous zinc
chloride (4.09 g, 30 mmol) and ethoxymethyl chlo-
ride (5.67 g, 60 mmol) were added to the solu-
tion of diimine 1A obtained in the previous step,
in chloroform (50 mL) and stirred at room tem-
perature for 3 days. The solution was evaporat-
ed, and the organic salt was extracted with hot
water (100 mL). The water solution was evapo-
rated to a small volume. A colorless precipitate
formed was filtered off and dried.

Yield — 3.1 g (27% based on the starting ani-
line). When conducting the experiment at a ratio
of aniline/glyoxal of 2:1 the salt yield was 31%.
M. p. 244-246°C (water). Anal. Caled for
C,;H,CIF,N,, %: C 49.40; H 1.93; C1 9.72; N 7.68.
Found, %: C 49.52; H 1.89; Cl 9.69; N 7.63. 'H
NMR (CDCl,, 400 MHz), 6, ppm: 7.58-7.65 (2H,
m, ArH); 7.92-7.97 (2H, m, ArH); 8.43 (2H, s,
C*5H); 10.35 (1H, s, C2HN).

1,3-Bis(2-trifluoromethylphenyl)imidazo-
lium perchlorate (1c)

Step 1. N,N'-Bis(2-trifluoromethylphenyl)gly-
oxaldiimine. 40% Solution of glyoxal (4.85 g,
33.4 mmol) was added to the solution of 2-trif-
luoromethylaniline (4.66 g, 28.89 mmol) in iso-
propyl alcohol (18 mL). The mixture was stirred
for 5 days at room temperature, the solution was
evaporated and the resulting residue containing
diimine 1A was used without purification for the
synthesis of salt 1c.

Step 2. The cyclization reaction. Anhydrous
zinc chloride (1.98 g, 14.5 mmol) and ethoxyme-
thyl chloride (1.88 g, 21.7 mmol) were added
successively to a solution of diimine 1A in chlo-
roform (40 mL), and the mixture was stirred at
room temperature for 3 days. The solution was
evaporated. The residue was extracted with hot
water. The excess of sodium perchlorate was
added to the water solution, and the colorless
precipitate was filtered off.

Yield —2.66 g (50% based on the starting ani-
line). M. p. 255-257°C (water). Anal. Caled for

C,;H,,CIF,N,O,, %: C 44.71; H 2.43; Cl 7.76; N
6.13. Found, %: C 44.65; H 2.44; C1 7.81; N 6.17.
'H NMR (CDCl,, 400 MHz), 6, ppm: 7.84-7.90
(3H, m, ArH); 7.92-7.95 (3H, m, ArH); 8.08-8.10
(2H, m, ArH); 8.14 (2H, d, J = 8.0 Hz, C**HN);
10.08 (1H, s, C*HN).

1,3-Dicetylbenzimidazolium bromide (2)

The mixture of benzimidazole (1.18 g, 10 mmol),
cetyl bromide (6.41 g, 21 mmol) and sodium ace-
tate (0.82 g, 10 mmol) in anhydrous dioxane (4 mL)
was stirred at 100°C for 4 h. The solution was fil-
tered from the inorganic precipitate in a hot sta-
te and evaporated to give colorless salt 2, which
was recrystallized from acetonitrile.

Yield — 2.6 g (40%). M. p. 116—-118°C (acetoni-
trile). Anal. Caled for C, H, BrN,, %: C 72.30;
H 11.05; Br 12.33; N 4.32. Found, %: C 72.42;
H 11.03; Br 12.26; N 4.29. '*H NMR (400 MHz,
CDCL,), 6, ppm: 0.82 (6H, t, / = 6.8 Hz, 2xCH,C);
1.18-1.20 (48H, m, 24xCH,C); 1.24-1.40 (4H,
m, 2xCH,C); 1.94 (4H, t, J = 6.4 Hz, 2xCH,CN);
4.47 (4H, t, J = 6.8 Hz, 2xCH,N); 7.61-7.64 and
7.68-7.71 (4H, m, ArH); 11.31 (1H, s, C2HN). **C
NMR (100 MHz, CDCl,), 6, ppm: 14.19 (CH,C);
22.75 (CH,C); 26.63 (CH,C); 29.13; 29.42; 29.46;
29.58; 29.62; 29.66; 29.72; 29.76 (CH,C); 31.98
(CH,CN); 47.79 (CH,N); 113.21 (ipso-C); 127.20
(C>9); 131.28 (C*7) (Ar); 142.64 (C?).

1,3-Bis(1,10-decylenebenzimidazolium)
bromide (3a)

The solution of benzimidazole (1.50 g,
12.72 mmol) and 1,10-dibromodecane (1.91 g,
6.36 mmol) in o-dichlorobenzene (4 mL) was stir-
red at 130°C for 8 h, then anhydrous sodium ace-
tate (1.04 g, 12, 72 mmol) was added, and the
stirring was continued under the same condi-
tions for 4 h. A precipitate was filtered off, the
mother liquor containing 1,10-di(benzimidazol-
1-yl)decane of type 3A with the additional por-
tion of 1,10-dibromodecane (1.91 g, 6.36 mmol)
was stirred at 130°C for 8 h. Then acetonitrile
(10 mL) was added, and the solution was reflu-
xed for 24 h. A colorless precipitate was filtered
off, washed with acetonitrile and hexane, dried
and recrystallized from acetonitrile.

Yield — 4.0 g (93%). M. p. 122-124°C (aceto-
nitrile). Anal. Caled for C,,H,,Br,N,, %: C 60.54;
H 7.47; Br 23.69; N 8.31. Found, %: C 60.68; H
7.41; Br 23.58; N 8.34. '"H NMR (CDCl,, 400 MHz),
0, ppm: 0.91 (10H, m, 5xCH,C); 1.01 (14H, m,
7xCH,C); 1.68 (8H, s, 4xCH,CN); 4.27 (8H, s,
4xCH,N); 7.34 (4H, s, ArH?>%); 7.55 (4H, s, ArH*");
10.62 (2H, s, C*HN). *C NMR (100 MHz, CDCl,),
0, ppm: 26.07, 28.49, 28.76, 29.94 (CH,C, CH,C);
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47.35 (CH,N); 113.33 (C*7, Ar); 127.12 (C?¢, Ar);
131.11 (ipso-C, Ar); 141.78 (C2N).

1,3-Bis(1,10-decylene-2-methylbenzimi-
dazolium) bromide (3b)

The solution of 1,10-bis(2-methylbenzimidazol-
1-yl)decane of type 3A obtained from 2-methyl-
benzimidazole (1.64 g, 12.46 mmol) and 1,10-di-
bromodecane (1.87 g, 6.23 mmol), similarly to the
preparation of salt 3a, was washed by hexane
(15 mL) threefold, another portion of 1,10-dibro-
modecane (1.87 g, 6.23 mmol) in acetonitrile (8 mL)
was added and refluxed for 8 h. Then another
portion of acetonitrile (10 mL) was added, and
the solution was refluxed for 24 h. The mother
liquor was evaporated, and a colorless solid resi-
due was dried.

Yield — 4.29 g (98%). M. p. 167-170°C. Anal.
Calcd for C,;H;,Br,N,, %: C 61.54; H 7.75; Br 22.74;
N 7.97. Found, %: C 61.64; H 7.76; Br 22.69;
N 7.92. 'H NMR (CDCl,, 400 MHz), 6, ppm:
1.01-1.49 m (24H, 12CH,C); 1.81 (6H, s, 2xCH,C);
3.06 (8H, s, 4xCH,CN); 4.47 (8H, s, 4xCH,N);
7.50-7.80 (4H, m, ArH); 7.80-8.04 (4H, m, ArH).
13C NMR (100 MHz, CDCl,), 6, ppm: 31.14, 33.67,
33.96, 33.04 (CH,C+CH,C); 52.22 (CH,N); 118.58;
131.93; 136.23; 147.06 (C?N).

1,3-Bis(1,10-decylene-2-methylimidazo-
lium) bromide (4b)

The solution of 1,10-bis(2-methylimidazol-
1-yl)decane of type 4A obtained from 2-methyl-
imidazole (1.02 g, 12.46 mmol) and 1,10-dibro-
modecane (1.87 g, 6.23 mmol) similarly to the pre-
paration of salt 3A was washed by hexane (15 mL)
threefold, another portion of 1,10-dibromodeca-
ne (1.87 g, 6.23 mmol) in acetonitrile (8 mL) was
added, and the mixture obtained was refluxed
for 8 h. The resulting solution was evaporated to
dryness, and an oily colorless residue was dried
and solidified while standing.

Yield — 1.20 g (32%). M. p. 124-127°C. Anal.
Calcd for C,iH, Br,N,, %: C 55.82; H 8.36; Br 26.52;
N 9.30. Found, %: 55.88; H 8.32; Br 26.60; N 9.20.
'H NMR (CDCl,, 400 MHz), 6§, ppm: 1.20 (10H, m,
5xCH,C); 1.25 (6H, m, 3xCH,C); 1.73 (8H, m,
4xCH,C); 2.66 (6H, s, 2xCH,C); 3.17 (8H, s,
4xCH,CN); 4.13 (8H, s, 4xCH,N); 7.60 (4H, s,
C**HN). 3C NMR (100 MHz, CDCl,), 6, ppm:
9.87 (CH,C); 25.78, 28.47, 28.72, 29.40 (CH,C);
48.18 (CH,N); 121.39 (C*%); 142.63 (C?N).

4-(1-Adamantyl)-2-phenyl-1,3,4-oxadiazo-
lium bromide (5)

The solution of 2-phenyl-1,3,4-oxadiazole (2.93 g,
20 mmol) and 1-bromoadamantane (4.73 g, 22 mmol)
in glacial acetic acid (3 mL) was stirred at 120°C
for 1 day. The mixture of methyl tert-butyl ether/
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acetic acid (10:1) (10 mL) was added to the solu-
tion, and a colorless precipitate formed was fil-
tered off and dried.

Yield — 2.9 g (40%). M. p. > 250°C. Anal. Calcd
for C,;H,,BrN,O, %: C 59.84; H 5.86; Br 22.12;
N 7.75. Found, %: C 59.72; H 5.88; Br 22.20; N
7.77. 'H NMR (400 MHz, DMSO-d,), 6, ppm: 1.58
(6H, m, CH, Ad); 1.89 (6H, m, CH, Ad); 2.10 (3H,
m, CH Ad); 7.55 2H, dd, J, = 7.6 Hz, J,= 7.6 Hz,
ArH); 7.65 (1H, dd, J, = 7.6 Hz, J, = 7.6 Hz, ArH);
7.95 (2H, d, J=17.6 Hz), 11.76 (1H, s, C°HN).

1-(1-Adamantyl)-1-formyl-2-benzoylhydra-
zine (6)

Anhydrous potassium carbonate (0.70 g,
1.94 mmol) was added to a solution of salt 5 (0.3 g,
0.83 mmol) in acetonitrile (2 mL) and stirred at
35—40°C for 12 h. The solution was filtered from
organic substances and evaporated to dryness
to give a colorless compound 6.

Yield — 0.2 g (81%). M. p. 154—156°C. Anal.
Calcd for C,H,,N,O,, %: C 72.46; H 7.43; N 9.39.
Found, %: C 72.38; H 7.40; N 9.50. '"H NMR
(400 MHz, DMSO-dy), 6, ppm: 1.48-1.66 (12H,
m, CH, Ad); 2.00 (3H, m, CH Ad); 7.46 (2H, dd,
J,=72Hz,J,=7.2Hz, ArH); 7.50 (1H, dd, J, =
7.2Hz,J,=7.2Hz, ArH); 7.84 (2H, d, J=7.2 Hz,
ArH); 9.79 (1H, s, CHO), NH (in exchange).

1-(1-Adamantyl)pyridinium perchlora-
te (7a)

Anhydrous pyridine (0.8 mL, 10 mmol) was
added to a suspension of 1-bromoadamantane
(2.15 g, 10 mmol) in acetic acid (2 mL). The mix-
ture was heated at 140°C for 24 h under the ni-
trogen atmosphere and cooled to room tempera-
ture. Acetic acid was extracted with hexane,
the precipitate was triturated with hexane and
then with methyl tert-butyl ether. The precipi-
tate (2.12 g, 72%) of bromide 7A was filtered off,
dissolved by heating in water (5 mL), and fil-
tered after the treatment with activated carbon.
The excess of sodium perchlorate (1.47 g, 12 mmol)
was added to the hot solution. After cooling, a co-
lorless precipitate was filtered off and dried.

Yield — 1.59 g (54%). M. p. 238—240°C. Anal.
Calcd for C,,H,,CINO,, %: C 57.42; H 6.42; C1 11.30;
N 4.46. Found, %: C 57.35; H 6.40; CI 11.41; N
4.44. '"H NMR (400 MHz, DMSO-d,), 6, ppm:
1.75 (6H, s, CH, Ad); 2.30 (9H, s, CH,+CH Ad);
8.16 (2H, dd, J;, = 7.2 Hz, J, = 7.2 Hz, C**H,));
8.59 (1H, dd, J, = 7.2 Hz, J, = 7.2 Hz, C*H,));
9.31 (2H, d, J = 7.2 Hz, C**H,,).

1-(1-Adamantyl)pyridinium iodide (7b)

The salt was obtained by the exchange of
ions from perchlorate 7a and potassium iodide
in acetone.
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Yield — 94%. M. p. 249-250°C. Anal. Calcd
for C,;H,,IN, %: C 52.80; H 5.91; 1 37.19; N 4.10.
Found, %: C 52.87; H 5.90; I 37.10; N 4.13. The
compound has similar spectral characteristics
to perchlorate 7a.

1,3-Bis(2-trifluoromethylphenyl)imidazo-
lium-2-(N-phenylthiocarboximide) (10)

The mixture of 1,3-bis(2-trifluoromethylphe-
nyl)imidazolium perchlorate (1c) (0.30 g, 0.66 mmol)
and anhydrous potassium carbonate (0.182 g,
1.32 mmol, 2 equiv) in anhydrous acetonitrile
(83 mL) was stirred at room temperature under
the nitrogen atmosphere for 10—15 min, phenyl
isothiocyanate (0.08 mL, 0.66 mmol, 1 equiv) was
then added, and the mixture was stirred at room
temperature for 20 h. The precipitate of inorga-
nic salts was filtered off and washed with hot an-
hydrous acetonitrile. The mother liquor was
evaporated in vacuo, the residue was triturated
with hexane. A pale yellow precipitate was fil-
tered off, washed with hexane and dried.

Yield — 0.29 g (91%). M. p. 165°C. Anal. Cal-
cd for C,,H,.F,N.S, %: C 58.66; H 3.08; N 8.55; S
6.52. Found, %: C 58.85; H 3.01; N 8.49; S 6.46.
'H NMR (CDCl,, 400 MHz), 6, ppm: 6.41 (2H, s,
C**H,); 6.73 (1H, t, J = 6.4 Hz, ArH); 6.96 (2H,
t, J = 6.4 Hz, ArH); 7.53-7.94 (10H, m, ArH).
1B3C NMR (100 MHz, CDCl,), 6, ppm: 120.81;
121.50; 123.60; 126.33; 126.97; 127.57; 130.10;
130.82; 132.04; 132.53; 147.71 (ipso-C, PhN);
150.89 (C2N); 162.77; 163.79 (NCS).

1-tert-Butyl-3-phenyl-4-(4-bromophenyl)-
1,2,4-triazolium-5-(N-phenylthiocarboximi-
de) (11)

A mixture of 1-tert-butyl-4-(4-bromophenyl)-
3-phenyl-1,2,4-triazolium perchlorate (0.30 g,
0.66 mmol) and anhydrous potassium carbonate
(0.192 g, 1.39 mmol, 2.11 equiv) in anhydrous ace-
tonitrile (3 mL) was stirred under nitrogen atmo-
sphere at room temperature for 10 min, and then
phenyl isothiocyanate (0.08 mL, 0.66 mmol, 1 equiv)
was added. The mixture was additionally stirred
at room temperature for 4 h. A precipitate of in-
organic salts was filtered off and washed with
anhydrous acetonitrile. The filtrate was evapo-
rated in vacuo, the solid residue was triturated
with hexane. A pale yellow precipitate was fil-
tered off, washed with hexane and dried.

Yield — 0.27 g (84%). M. p. 198-199°C (ben-
zene). Anal. Caled for C,;H,,BrN,S, %: C 61.10;
H 4.72; Br 16.26; N 11.40; S 6.52. Found, %: C
61.31; H 4.54; Br 16.22; N 11.44; S 6.49. '*H NMR
(CDCl,, 400 MHz), 6, ppm: 2.00 (9H, s, tBu);
7.02-7.57 (14H, m, ArH). *C NMR (CDCl,, 100 MHz),

0, ppm: 28.7 (CH,C, tBu); 67.4 (ipso-C, tBu);
121.4; 123.7; 129.2; 128.6; 128.8; 129.1; 131.1;
131.9; 123.1; 125.4; 132.8; 149.9; 150.6; 150.0
(C?..), 166.5 (NCS).

Procedures for assessing the antimicro-
bial activities of the compounds synthe-
sized

Method A. 0.5% and 0.1% solutions of the test
substances in DMSO were prepared and intro-
duced to the culture medium. The antimicrobial
activity of the compounds synthesized was studied
on test bacteria cultures of Escherichia coli 67,
Staphylococcus aureus 209 P and Mycobacterium
luteum VKM B-868 and fungi Candida tenuis
VKM Y-70 and Aspergillus niger VKM F-1119
by the agar diffusion method on a solid nutrient
medium — meat-peptone agar (MPA) for bacteri-
al strains and wort agar (WA) for fungi. The mi-
crobial load was 10° colony-forming units (CFU)
in 1 mL. The 0.5 McFarland standard test of tur-
bidity was used to make the bacterial suspension.
Counting of cells (spores) of fungi was carried out
in the Goryaev’s chamber. The duration of in-
cubation of bacteria was 24 h at 35°C, fungi —
48-72 h at 28-30°C. The degree of the activity
of the compounds studied was assessed by the dia-
meters of the growth inhibition zones for test cul-
tures of microorganisms, assuming that at a dia-
meter of 11-15 mm a microorganism is insensi-
tive to the drug, it is sensitive at 16—25 mm, and
is highly sensitive at > 25 mm. Each experiment
was repeated thrice.

Method B. The minimum inhibitory (MIC), bac-
tericidal (MBC) and fungicidal (MFC) concentra-
tions were determined by the serial dilution me-
thod in a liquid nutrient medium. The initial so-
lution of a substance was prepared in DMSO in
the concentration of 10000 pg mL. The solution
was then two-fold serially diluted with DMSO,
and 0.1 mL of each dilution was then transfer-
red to tubes and diluted to the volume of 1 mL
with the nutrient medium reaching a concentra-
tion of the substance from 0.9 to 500 pg mL™.
The meat peptone broth was used as a nutrient
medium for bacteria and the untouched beer wort
of 6-8°Blg — for fungi. Bacterial and fungal inocu-
la were sown in the culture medium (the mic-
robial load — 10% CFU in 1 mL). The seeded tubes
were kept in a thermostat at the appropriate tem-
perature (37°C — for the bacterial strains; 30°C —
for fungal strains) for 24—72 h. The results were
evaluated for the presence or absence of growth
of microorganisms, the visual inspection was per-
formed in transmitted light, comparing the degree
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of microbial turbidity of the nutrient medium with
the “negative control”.

To determine the minimum bactericidal con-
centration (MBC) and the minimum fungicidal
concentration (MFC) from tubes, in which the me-
dium solutions were visually transparent, 0.02 mL
of the medium was taken and applied to a ster-
ile MPA (for bacterial strains) or WA (for fungal
strains) in sterile Petri dishes incubated in a ther-
mostat. The results were evaluated for testing

Journal of Organic and Pharmaceutical Chemistry 2022, 20 (2)

bacteria in 24 h, for testing fungi in 48-72 h.
In the absence of growth of the microorganism
colonies on the incubated Petri dishes, MBC or
MFC of the test substance was determined.
Each experiment was repeated thrice.
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1,2,3-Triazole-4(5)-amines — Convenient Synthetic Blocks
for the Construction of Triazolo-Annulated Heterocycles

Abstract

Aim. To analyze and summarize the synthetic potential of 1,2,3-triazole-4(5)-amines as efficient building blocks in the syn-
thesis of triazolo-annulated pyridine, azine and azepine systems.

Results and discussion. Original literature sources revealing the synthetic potential of 4(5)-amino functionalized 1,2,3-triazoles
as convenient and available building blocks for the preparation of triazolo-annulated pyridines, azines and azepines were
analyzed and systematized. Condensation of 1,2,3-triazole-4(5)-amines with methylene active compounds was shown to be
a powerful tool for the synthesis of versatile triazolo[4,5-b]pyridines. In turn, the cyclocondensation based on 5-amino-1,2,3-
triazole-4-carboxylic acids and their structurally modified derivatives was proven to be a general way for obtaining a number
of triazolo[4,5-d]pyrimidine systems. Few representatives of triazolo-annulated pyridazines, 1,3-oxazines and 1,3-thiazines
were synthesized by the intramolecular cyclization of the corresponding 4-aryl(carboxy-, aminomethyl)-5-amino-1,2,3-triazoles.
The cyclocondensation involving 4,5-diamino-, 4-carbofunctionalized 5-amino-1,2,3-triazoles and 4-amino-5-thiocarboxami-
do-1,2,3-triazoles was successful for the construction of di-, oxa- and thiazepino-annulated triazoles.

Conclusions. The analysis, systematization and summary of the literature regarding the synthetic potential of 1,2,3-triazole-
4(5)-amines conclusively demonstrate that these structures are easily available and convenient molecular blocks for the con-
struction of triazolo-annulated pyridine, azine and azepine systems that are important for synthetic and biomedical research.
Keywords: 4(5)-amino-1,2,3-triazoles; triazolo[4,5-b]pyridines; triazolo[4,5-d]pyridines; triazoloannulated azepines;
cyclocondensation

H. O. Cupora?, C. B. Kemcbkuitl, /1. M. Caniesa?, M. B. BoBk*

1 [Hemumym opaaHiuHoi ximii HayioHansHoi akademii Hayk YKkpaiHu, syn. MypmaHceka, 5, m. Kuis, 02660, YkpaiHa
2 BonuHcbKuli HauioHaneHuli yHisepcumem im. Jleci Ykpainku, npocn. Bosi, 13, m. /lyubk, 43025, YkpaiHa
1,2,3-Tpuason-4(5)-amiHn — 3pyyHi CUHTETUUHI 6/10KM ANA KOHCTPYIOBAHHA TPMa30/10aHEeNbOBAHUX
reTepoumKnis

AHoTauinA

Merta. MpoaHanisyBaT Ta y3araJibHUTU CUHTETUYHUIA NoTeHuian 1,2,3-Tpnason-4(5)-amiHiB AK epeKTUBHUX BinguHr-6/10KiB
Y CUHTE3i TPMa30/10aHENbOBAHMX NIPUAMHOBUX, A3UHOBUX Ta a3eMiHOBUX CUCTEM.

Pe3ynbTtaTti Ta ix 06roBopeHHs. MpoaHanizoBaHO Ta CMCTEMATM30BAHO OpUTiHabHI NiTepaTypHi AxKepena, AKi po3KpuBa-
IOTb CUHTETUYHI MOXKANBOCTI 4(5)-amiHoPyHKUiOHaNi30BaHWUX 1,2,3-TpMa3oniB AK 3pyYHUX i AOCTYNHUX ByaiBeNbHUX 60KiB
015 OOEprKaHHA TPMA30/10aHENbOBaHMX a3MHIB Ta aseniHis. [JoBeaeHo, Wo KoHaeHcauis 1,2,3-Tpuason-4(5)-amiHiB i3 meTuneHak-
TUBHMMM CMOJIYKAMM € NOTYKHUM iHCTPYMEHTOM CUHTE3y Pi3HOMaHITHUX Tpuasono[4,5-blnipuanHis. 3i ceoro 6oky ans
OTPUMAHHS HU3KKU Tpnasono(4,5-dInipumianHOBUX CUCTEM AOCUTb 3ara/ibHUMKN BUSBUINCH LLMKNOKOHAEHCaL,ii Ha OCHOBI
5-amiH0-1,2,3-Tprazon-4-kapboHOBUX KMUCNOT Ta iXHiX CTPYKTYPHO MOAUbiIKOBaHUX NOXiAHWUX. HeuncneHHUX npeacTaBHUKIB
TpWasonoaHesIboBaHMX NipnAasuHiB, 1,3-okcasuHie Ta 1,3-Tia3nHiB 6y/10 CUHTE30BAHO BHYTPILUHBOMONEKYNAAPHUMU LUKI-
3auiamu BignosigHux 4-apun(kapbokcu-, amiHomeTnn)-5-amiHo-1,2,3-Tpmnasonis. 113 KOHCTPYOBaHHA Ai-, OKca- Ta Tiaseni-
HOQHEeNbOBaHMUX TPUA30/iB BAANMMU BUABUINCL LLMKIOKOHAEH caUi 3a y4YacTio 4,5-aiamiHo-, 4-KapbodyHKuioHanizoBaHUX
5-amiHo-1,2,3-Tpuasonis Ta 4-amiHo-5-TiokapboKkcamigo-1,2,3-tpurasonis.
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BucHoBKK. AHanNi3, cMcTemMaTu3alia Ta y3aralibHeHHA NiTepaTypHUX AxKepen, AKi CTOCYI0TbCA CUHTETUYHOTO NOTeHLUiany
1,2,3-Tpnazon-4(5)-amiHiB, NnepeKoOHIMBO 3aCBiAYYIOTb, LLLO TAKOro TUMY CTPYKTYPU € AOCTYNMHUMU 1 3PYHHUMMN MOJIEKYNSP-
HUMM 6IOKaMU 1A KOHCTPYHOBAHHA BAaXKANBUX ANA CUHTETUYHUX | BioMeanUHMX [OCNiAKEeHb TPMA30/10aHENbOBaHMUX Mipu-
LVHOBUX, a3MHOBUX Ta a3eniHOBUX CUCTEM.

Knrwuoei cnoea: 4(5)-amiHo-1,2,3-Tpmnasonu; Tpuasonol4,5-blnipngmHun; Tpnasono(4,5-dnipumianHu; TpuasonoaHenboBaHi

aseniHu; UMKNOKoHAEeH cauiA
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B Introduction

1,2,3-Triazole-4(5)-amines, including those ad-
ditionally modified with other functional substi-
tuents and heterocyclic rings, occupy their right-
ful place in the chemistry of azole compounds and
are of great interest to researchers due to their
pronounced synthetic capabilities. Particular in-
terest in heterocyclic systems annulated with a tri-
azole ring arose with the discovery of the drug
“Ticagrelor” I (Figure) indicated to prevent or re-
duce the risk of coronary thrombosis in patients
with the acute coronary syndrome and patients
undergoing the percutaneous coronary interven-
tion or coronary artery bypass grafting [1].

Inhibitors of the human carbonic anhydrase
isoenzyme type hCA IX II [2] and calcium/calmo-
dulin-regulated kinases PIM III [3], a potent an-
tagonist of the Dengue virus IV, were found in
a number of triazoloanelated pyridines [4].

A low molecular weight agonist of cannabi-
noid receptor 2 (CB2) V [5], inhibitors of replica-
tion of the Chikungunya virus (CHIKV) VI [6]
and a reversible inhibitor of lysine-specific dem-
ethylase 1 (LSD1) VII [7], compounds with the
antitumor activity against breast cancer cells
MCF-7, lungs A549 VIII [8] and lungs H1650 IX
have been identified among the functionalized
triazolo[4,5-d]pyrimidines [9].

The bioscreening results of triazolo[4,5-b]-
[1,5]benzodiazepine X showed the antidopamin-
ergic and anticholinergic activity to bind [*H]spi-
perone and [*H]QNB receptors. The neuroleptic
potential of derivatives X was evaluated in terms
of their ability to induce hypothermia and cata-
lepsy in mice and to block conditioned avoidance
reactions in rats [10].

At the same time, despite the wide pharma-
ceutical profile of heteroannulated 1,2,3-triazole
systems, the original works related to the me-
thods of their synthesis based on functionalized
4(5)-aminotriazoles were not subjected to syste-
matic analysis. Thus, it seemed appropriate to
comprehensively summarize the published lite-
rature on the use of 1,2,3-triazole-4(5)-amines
for the preparation of triazoloannulated six- and
seven-member heterocyclic systems.

B Results and discussion

1. The synthesis of triazolo[4,5-b] pyridines

5-Aminotriazoles 1 as heterocyclic analogs of
enamines were successfully used in the three-
component condensation with 5-chloroisatin (2)
and Meldrum’s acid (3) to obtain a series of spiro-
triazolopyridones 4 and 5 (Scheme 1) [4, 11, 12].
Thus, using (S)- and (R)-1-[1-(4-chlorophenyl)ethyl]-
1H-1,2,3-triazole-5-amines 1, diastereomeric mix-
tures of optically pure spiro-derivatives 4 and 5
were synthesized. Instead, the condensation of
1-(4-chlorobenzyl)- and 1-[(5-chloropyridin-2-yl)-
methyl]-1H-1,2,3-triazole-5-amines 1 led to the
formation of a mixture of enantiomers, of which
the preparative high-performance liquid chiral
chromatography yielded only (R)-diastereomer 4.
In the case of 1-[1-(4-chlorophenyl)ethyl(propyl)]-
1H-1,2,3-triazole-5-amines 1, racemate reaction
products were isolated.

4-Functionalized 5-amino-1,2,3-triazoles also
proved to be convenient building blocks for the
synthesis of substituted triazolo[4,5-b]pyridine
derivatives. Thus, the treatment of 5-amino-4-for-
myltriazoles 6 with an excess of acetone or ethyl
acetoacetate 7 in an aqueous solution of NaOH or
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Figure. The structures of the drug «Ticagrelor» | and bioactive triazoloannulated heterocycles II-X
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Scheme 1. The synthesis of spirotriazolopyridones 4, 5
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Scheme 2. The cyclocondensation of 5-amino-4-formyltriazoles 6 with

active methylene compounds
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Scheme 3. The synthesis of 2-methyltriazolo[4,5-b]pyridin-7-one 15

in an alcoholic solution of sodium alkoxide yield-
ed di- and trisubstituted 1,2,3-triazolo[4,5-b]py-
ridine 8 (Scheme 2) [13]. In turn, their cyclocon-
densation with malononitrile (9) led to the for-
mation of 5-amino-1,2,3-triazolo[4,5-b]pyridine-
6-carbonitriles 10, and with ethyl malonate or
ethyl cyanoacetate 11 produced 3,6-disubstitut-
ed 1,2,3-triazolo[4,5-b]pyridine-5(4H)-ones 12.

The cyclization of 5-amino-4-[3-(dimethylami-
no)acryloyl]-2-methyl-1,2,3-triazole (14) obtained
from the corresponding N-{5-[3-(dimethylamino)-
acryloyl]-2-methyl-2H-1,2,3-triazol-4-yl}benzami-
de (13) proved to be effective for the preparation of
2-methyltriazolo[4,5-b]pyridin-7-one (15) (Sche-
me 3) [14].

The interaction of 4-acetyltriazole-2-phenyl-
5-amine (16) with malononitrile (9) in boiling DMF

led to the formation of 5-aminotriazolo[4,5-b]py-
ridine-6-carbonitrile (17), while the acetylation
with acetic anhydride yielded derivative 18 con-
densed with dimethylformamide dimethylacetal
(DMFDMA) to give cis-enaminone 19 (Scheme 4).
The latter underwent the cyclization upon the treat-
ment with phenyldiazonium chloride (20) under
basic conditions, followed by the deacylation, and
formed [1,2,3]triazolo[4,5-b]pyridin-7-one (21) [15].

The authors of [16] have developed an easy
variant of the synthesis of triazolo[4,5-b]pyri-
din-5-ones 24, which includes the interaction of
4-acyltriazole-5-amines 16 with carboxylic acids
or esters 22 under the microwave irradiation with
the formation of the corresponding acetamides 23;
the cyclization of the latter in boiling DMF yields
target products 24 (Scheme 5).
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Scheme 4. Synthetic possibilities of 4-acetyltriazole-5-amine 16

O R1/\

COOR?
N
Ph—N’ fJ\R 22 .
N= Ac,0, MW,

NH2  g5.100°C, 40-80 s
or zeolite, 150 °C, 1h

16

R = Me, Ph
R' = CN, CO,Et, MeCO, PhCO, 4-NO,-CgH4
R2=H, Et

R
]
N’NfR Ph N’Nf\IR
Ph—N_ _ > N
NH NaOAc, N

N

N
R DMFA 1h N

o}
23 24, 76-85%

Scheme 5. The method for the synthesis of trisubstituted triazolo[4,5-b]pyridin-5-ones 24

The condensation of 5-aminotriazole-4-car-
bonitrile 25 with ethyl cyanoacetate (11) led to
7-amino-5-oxotriazolo[4,5-b]pyridine-6-carboni-
trile 26, and with benzylidene derivatives 27 to
7-aminotriazolo[4,5-b]pyridine-6-carbonitriles
28 (Scheme 6) [2].

A convenient method for the synthesis of
7-aminotriazolo[4,5-b]pyridine-6-carboxylates 31
is based on the reaction of aminonitriles 29 with
acetoacetic ester (30) in the presence of a Lewis
acid (Scheme 7) [17].

The reaction of triazolylaminonitrile 32 with
nickel complexes of 1,3-dicarbonyl compounds 33
proved to be successful in the preparation of tri-
azoloannulated pyridines 34 (Scheme 8) [18].

The authors [19] proposed effective conditions
for the Friedlaender reaction of N-Boc-4-amino-
triazole-5-carbaldehydes 35 with acetylacetone (36)
or malononitrile (9) which resulted in the forma-
tion of target 6-acetyltriazolo[4,5-b]pyridines 37
and 5-aminotriazolo[4,5-b]pyridine-6-carbonitri-
les 38, respectively (Scheme 9).

It was found that heating of N-Boc-4-amino-
triazole-5-carbaldehydes 35 with malonic acid (39)
in acetic acid at 100°C in the presence of cata-
lytic amounts of pyrrolidine led to the formation
of 5-0x0-4,5-dihydro-1H-[1,2,3]triazolo[4,5-b]py-
ridine-6-carboxylic acids 40 previously undescri-
bed in 61-66% yields (Method A) (Scheme 10).
However, the use of Meldrum’s acid (3), a syn-
thetic equivalent of malonic acid, in this process
under similar reaction conditions is much more
productive since it increases the yield of the tar-
get compounds to 91-94% (Method B). The like-
ly transformation scheme in the case of malonic
acid is through intermediate products A and B,
while in the case of Meldrum’s acid it is through
C and D. Indeed, the efficiency of the latter is
due to the structure of intermediate D which, in
contrast to intermediate B, is characterized by
much higher selectivity of further transforma-
tion [20].

To obtain new heterocyclic analogs of carboan-
nulated triazolopyridines as promising bioactive
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Scheme 6. The synthesis of 7-aminotriazolo[4,5-b]pyridine-6-carbonitriles 26 and 28
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Scheme 7. The synthesis of 7-aminotriazolo[4,5-b]pyridine-6-carboxylates 31
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Scheme 8. The reaction of 5-aminotriazole-4-carbonitrile 32 with nickel complexes
compounds, aminoaldehydes 35 were tested in Another method for the formation of the tri-

the cyclocondensation with cycloalkanones 41 and  azolo[4,5-b]quinoline core reported by the authors
1,3-cyclohexanediones 43, which made it possible of the patent [21] was the use of the intramo-
to isolate carbocyclic derivatives 42 and hydro- lecular cyclization of 4-N-arylamino-substituted
genated 1,2,3-triazolo[4,5-b]quinolines 44, respec-  1,2,3-triazole-5-carboxylic acids 45 by their heat-
tively (Scheme 11) [19]. ing in polyphosphoric acid (Scheme 12).

n ISSN 2308-8303 (Print) / 2518-1548 (Online)



Journal of Organic and Pharmaceutical Chemistry 2022, 20 (2

O O
Me Me N N Me
36 A N
— > N ||
pyrrolidine N _— Me
AcOH, A, 2 h /
R o]
37,65-74 %
PN
— > N ||
pyrrolidine ‘N _—
AcOH, A, 4 h / CN
R
38, 84-92 %

R = Me, Ph(CHa),, Ph, 2-MeO-CgH,

Scheme 9. The reaction of N-Boc-4-aminotriazole-5-carbaldehydes 35 with active methylene compounds

)

NHBoc
Method A N,[\‘ L Method B
AcOH, pyrrolidine, ‘N .0 AcOH, pyrrolidine, (0]
100 °C, 4 h , 100°C, 4 h O Me
HO,C™ “CO,H R X
39 35 g Me
o
Y B Y 3 B
N=N
NHBoc \_/NHBoc
G oo RN Q
. o}
N" " coH = \Me
R O Me
o}
A - c .
® |-CO, ® | -CO,
-isobutylene -isobutylene
N NH, | i NH, )
,N Sy OH /N ~ 6)
R R )(Me
o OH o O] Me
L B _ L D _
H
’-Hzo N N O ‘-MeZCO
66-69% N\N%OH o 91-94%
R

40

R = Me, Ph(CHy),, Ph, 2-MeO-CgH4
Scheme 10. The synthesis of 5-oxo0-4,5-dihydro-1H-[1,2,3]triazolo[4,5-b]pyridine-6-carboxylic acids 40

ISSN 2308-8303 (Print) / 2518-1548 (Online)



MypHan opaaHiyHoi ma ¢papmauyesmuyHoi ximii 2022, 20 (2)

O
n
41 NN
> Nl
N ~—t)n
R
N— 108 o) 42, 63-83 %

N | ; ) o
NP pirrolidine R §= 1|\i|§ Ph, 2-MeO-CgH4
R’ AcOH, A, 3 h R

R1
3 © 43 N—-Ns
> N\ | R‘l
!\l =
R o
44, 61-78 %
R = Me, Ph, 2-MeO-CgH4
R'=H, Me
Scheme 11. The synthesis of carbocyclic triazolopyridines 42 and 44
H H
NN PPA NN
NCR - N
H\N 100°C, 2-6 h N R
CO,H H
(0]
45 46, 71-84 %

R

= Ph, 4-Me-CgH,, 4-CI-CgH4

Scheme 12. The intramolecular cyclization of 4-N-arylamino-substituted 1,2,3-triazole-5-carboxylic acids 45

2. The synthesis of triazolo[4,5-d]pyrimi-
dines

2.1. Reactions involving 5-amino-1,2,3-tri-
azole-4-carboxylates

An important field of application of amino-
functionalized 1,2,3-triazoles has become the de-
velopment of a method for the synthesis of tri-
azolo[4,5-d]|pyrimidines, which can be considered
as 1sosteres of biologically promising purines.

Thus, the reaction of carboxylates 47 with tri-
ethyl orthoformate gave the corresponding 5-ethoxy-
methyleneamino-1,2,3-triazoles 48, which were
easily cyclized to 6-aminotriazolo[4,5-d]pyrimi-
din-7-ones 49 by the action of hydrazine hydra-
te (Scheme 13) [22]. Instead, the reaction of tri-
azoles 47 in the hydrazine solution after 3 h of
boiling led to 5-amino-1,2,3-triazole-4-carbohyd-
razides 50, which heterocyclization with triethyl
orthoformate proved to be effective for obtaining
(triazolo[4,5-d]pyrimidine-6-yl)formimidates 51.
In turn, the treatment of triazoles 47 with an ex-
cess of primary amine 52 in the presence of NH,Cl
at 200°C led to aminoamides 53, which upon pro-
longed heating with triethyl orthoformate yielded
the target triazolo[4,5-d]pyrimidines 54.

The reaction of aminoester 55 with imidoyl
chloride 56 catalyzed by a Lewis acid under the
microwave irradiation resulted in the synthesis
of triaryl-substituted triazolo[4,5-d]pyrimidino-
ne 57 (Scheme 14) [23, 24].

The high-temperature cyclocondensation of
1-hetaryl-substituted 5-amino-1,2,3-triazole-4-
carboxylate 58 with urea or thiourea resulted
in the formation of triazolo[4,5-d]pyrimidine-
5,7(4H,6H)-dione and its 5-thio analog 59, respec-
tively (Scheme 15) [25].

The authors [26] developed a two-stage me-
thod for the synthesis of bis[1,2,3]triazolo[1,5-
a:4’,5-e]pyrimidinones 62, the first stage of it
was azidation of amines 60 to the corresponding
5-azido-1,2,3-triazolocarboxylates 61, and the se-
cond stage was their cyclocondensation with ac-
tive methylene nitriles 9 leading to the target
products (Scheme 16).

A number of works [27—-33] describe an approach
that is widely used to activate the triazole ami-
no group with reduced nucleophilicity. For this
purpose, 5-amino-1-aryl-1,2,3-triazole-4-carbox-
ylates 63 were converted by the action of Ph,P
into the corresponding iminophosphoranes 64.
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N’ I > N’ I > N | N
N | 1) NaNO», HCI, H,0, -30 °C N NaOEt, EtOH, ‘N N&
; NHz o N3 rt, 24 h , 1
R 2) NaN3, H,0 R ’ R H R
60 61, 55-80 % 62, 20-28 %
R = Bn, 4-MeO-CgHg4
R'=CN, Ph
Scheme 16. The synthesis of bis[1,2,3]triazolo[1,5-a:4’,5’-e]pyrimidinone 62
1
N__COsEt N CO2Et Ar "5\15(30 N COaE!
N’ > ¥ 1 N 1
\NINH PhsP, Et3N, N~N \ \-PPs  CHxCl, 0-5°C N\Ni A
Ar/ 2 MGCN, C2H6’ rt, 3h [! 24-30 h Arl N
63 64, 90 % 66
Ar = Ph, 4-Cl- CGH4
Ar' = Ph, 3-CI-CgHy, 4-Me-CgHy4, 4-CI-CgH,
Scheme 17. The synthesis of triazolyl-containing carbodiimides 66
fl\ Ar!
NaOEt, )\NHR1
EtOH, CH,Cly, rt
_NH»
R N COsEt 68, 74-90 %
67 . NHAr
66 —— [N || —
5\1 N NHR
Ar
A Q 5
ey
_ EtOH, rt NS S
R =H, Me, Et, Pr, iPr, Bu, tBu, Bn, cyclohexyl / N NHAr
R' = Et, Pr, iPr, Bu, tBu, Bn, cyclohexyl Ar
R?=H, Me 69, 76-87 %

Scheme 18. Preparation of isomeric 5-alkylamino- and 5-arylaminotriazolo[4,5-d]pyrimidin-7-ones 68 and 69

The latter easily underwent aza-Wittig reaction
with aromatic isocyanates 65 to form triazolyl-
containing carbodiimides 66 which had found wide
application as effective precursors for the synthe-
sis of triazolo[4,5-d]pyrimidines (Scheme 17).

The authors of [27] showed that the interac-
tion of carbodiimides 66 with a number of alky-
lamines 67 in the presence of NaOEt led to the
selective formation of 5-alkylaminotriazolo[4,5-
d]pyrimidin-7-ones 68 (Scheme 18). At the same
time, the formation of regioisomeric 5-arylami-
noderivatives 69 was observed under the action
of ammonia or methylamine in the absence of
a base.

The reaction of triazolylcarbodiimides 66 with
hydrazine hydrate in alcohol at room tempera-
ture also led to 5-arylamino-6-aminotriazolo[4,5-
d]pyrimidin-7-ones 70 (Scheme 19) [29].

HoNNH; f -NH
66 —>
EtOH, rt, 10 min
)\NHAH
70, 84-91 %

Scheme 19. The synthesis of 5-arylamino-
6-aminotriazolo[4,5-d]pyrimidin-7-ones 70
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O
,N:[U\N,Aﬂ
N’
/N N/)\Y

72, 55-92 %

(nCgH13)2, N(CH2)s, N(CH2)40, N(iBu),, NMe(Ph), N(iPr),,

OMe, OEt, OPr, OBu, O-iPr, OCH,CCH, OCH,CH=CH,, OPh, 4-Me-CgH4O, 4-MeO-CgH40, 4-CI-CgH4O

Ar = Ph, 4-Cl- C6H4
Ar' = Ph, 4-CI-CgHy4, 3-Me-CgH4

Scheme 20. The synthesis of 5-substituted triazolo[4,5-d]pyrimidin-7-ones 72

Ar?SH COzEt ;
73 N NHA' e
66 > [N | By
KoCO3, CH,Cl, ‘NS Nsa2 | KeCOs, MeCN, CHyCly )\
rt, 2-3 h / 50°C, 2-3 h
Ar
- N 74, 83-96 %
Ar? = Ph, 2-Cl-CgHg4, 4-Me-CgHy, 4-F-CgHy, 4-CI-CgHy4
Scheme 21. The synthesis of 5-arylthiotriazolo[4,5-d]pyrimidin-7-ones 74
(0]
HN NH | R
\ / ~
NTONTONT Ph
66 > Z N,
1) CHyCly, rt, 2-3 h Y | N
2) NaOEt, EtOH, rt, 3-5h Ph N N
0]
76, 74-87 %

R = H, 2-Me, 2,5-di-Me, 2,6-di-Me, 2-Et
Scheme 22. The synthesis of 1,4-bis[triazolo[4,5-d]pyrimidin-7(6H)-one]piperazines 76

To expand the boundaries of the reaction and
synthesize various 5-substituted triazolo[4,5-d]-
pyrimidin-7-ones 72, N,N-dialkylamines, secondary
amines and phenols 71 were used as nucleophi-
lic reagents for the formation of a pyrimidine ring
based on carbodiimides 66 (Scheme 20) [28, 30].

The reaction of carbodiimides 66 with thio-
phenols 73 at room temperature did not give the
expected cyclization products, whereas at 50°C
it yielded 5-arylthiotriazolo[4,5-d]pyrimidin-7-
ones 74 [32, 33], among which compounds with
high herbicidal activity against rapeseed and
common flatweed were found (Scheme 21).

1,4-Bis[triazolo[4,5-d]pyrimidin-7(6 H)-one]-
piperazines 76 were readily prepared by react-
ing carbodiimides 66 with substituted piperazi-
nes 75 (Scheme 22) [31].

2.2. The cyclization of 5-amino-1,2,3-tri-
azole-4-carboxamides

An effective approach to the synthesis of
3,5-disubstituted 1,2,3-triazolo[4,5-d]pyrimidin-
7-ones 78 is the cyclocondensation of 5-amino-
triazole-4-carboxamides 77 with benzaldehydes
[8, 34], acyl chlorides [5, 35—39] and esters of mono-
and dicarboxylic acids [6, 40—45] (Scheme 23).

The authors of [46] used the cyclocondensa-
tion of triazoloaminoamides 79 with amidines 80
to synthesize triazolo[4,5-d]pyrimidinones 81, as
well as the intramolecular cyclization of [(1-ami-
no-2,2,2-trichloroethylidene)amino]triazolocar-
boxamides 82 under basic conditions (Scheme 24).

To build a pyrimidine ring based on 5-amino-
4-triazolocarboxylic acid amides 83 and to form
3,6-disubstituted triazolo[4,5-d]pyrimidin-7-ones 84
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0 0]
N N _ N!“
N R'CHO, EtOH, A, 8 h N N/)\R1
R NH or 1) R'COCI, pyridine, 80 °C, 2-5 h R
77 2) 8 M NaOH, MeOH, 80 °C, 1 h or KHCO3, H,0, A, 18 h 78, 23-90 %

or R'"COOEt, NaOEt, EtOH, 90 °C, 1-24 h

E

R = Pr, 2-Cl-Bn, 4-MeO-Bn, cyclopentyl, 3-(iPrO)-CgHa, Me04©—]L

R' = Me, Et, Pr, iPr, tBu, Bn, CH,CN, CF3, CO,Et, PhCH=CH, cyclopropyl, cyclobutyl,
Ph

R2
Ph, 2-EtO-CgHg, 4-F-CgHg, 4-CI-CgHa, 4-Py, m
N

H

Scheme 23. 5-Aminotriazole-4-carboxamides 77 in the synthesis of triazolo[4,5-d]pyrimidin-7-ones

NH

(0]
9 R1JJ\NH 0
R 2 R R.N NH>
T N 80 - N\f
NE BuOH, A, 8 h e )\ “05NKOH,BUOH, Ny
NH; or CgH130H, A, 4 h -10°C, 24 h IR
or C8H1gOH, A, 4-48 h H2N CC|3
79 81 82
R =H, Me, Bn
R'=H, Me, Ph
R2 =H, Me, CCl3, Ph
Scheme 24. Approaches to the construction of a triazolo[4,5-d]pyrimidine core based on triazoloaminoamides
0 (0]
R
NN - N"N]'\)LN
N HC(OEt)s, 145 °C, 48 h N N/)
R NH or HC(OEt), EtOH 100 °C, 8 h R
83 or HCONH,, 180-200 °C 84, 30-94 %
or DMF, POCI 3, 40-80 °C, 0.5-4 h
or HCO,Et, NaOEt, EtOH, A, 24 h
R = Bn, 4-MeOBn, Ph, Me0‘<j>—/L TBDMSO/\M
TBDMSO
R' = H, Me, Bn, Ph, 2-MeO-CgHy4
Scheme 25. The synthesis of 3,6-disubstituted triazolo[4,5-d]pyrimidin-7-ones 84
orthoesters [8, 34, 47, 48], amides and formic A similar scheme of a high-temperature con-

acid esters were used as one-carbon reagents densation of 4-aminotriazole-5-carboxamide 85
[41, 49-51], as well as Vilsmeier-Haack reagent with formamide was used to obtain 1-methyltri-
[50] (Scheme 25). azolo[4,5-d]pyrimidin-7-one (86) (Scheme 26) [52].
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2
N HCONH, N N\j
N gy e e N
‘N 2 sealed tube, ‘N NH
I 180°C, 3.5h /
Me (o) Me 0
85 86, 66 %

Scheme 26. The synthesis of 1-methyltriazolo[4,5-d]pyrimidin-7-one 86

)

NHz  2) PhCO,EL, A, 15 h

(@) Ph NH

NH
f - N"“f 2 - Nﬁ“f“
HN 1) NaOEt, EtOH, A, 10 min H NH  HMDS, (NH,);S0y4 cat., N PY

R(+)- or S(-)-1-phenylethylamine, H

O™ "Ph 100 °C, 6 h, steel bomb
87 88, 65 % R-89,7.7 %
S$-89, 54 %

Scheme 27. The synthesis of triazolo[4,5-d]pyrimidines 89
o EtO OEt
N T NHR Me fL
Y Ac,0, 160 °C 4h k
/ NH2
Bn

90

91, 40-90 %
R =H, Me, Bn, Pt

Scheme 28. The synthesis of 6-alkyl(aryl)substituted triazolo[4,5-d]pyrimidines 91

@) (0]
N ~OEt N _NH,
N7 h, A, 2292h 92 h Hz0,AcOH,4,26h" N7 N R
Bn Bn
R =H, Me
92 93, 61-62 % 94, 38-69 %

Scheme 29. Preparation of 6-aminotriazolo[4,5-d]pyrimidine 94

5-Benzamidotriazole-4-carboxamide (88) ob-
tained from 5-amino-4-carbamoyl-1,2,3-triazole (87)
by the action of hexamethyldisilazane (HMDS),
catalytic amounts of (NH,),SO, and R- or S-1-phe-
nylethylamine was converted into 6-aminotriazo-
lo[4,5-d]pyrimidines 89 (Scheme 27) [53].

Heating of amides 90 with triethyl orthoace-
tate in the presence of acetic anhydride proved
to be successful to obtain 6-alkyl(aryl)substitu-
ted triazolo[4,5-d]pyrimidines 91 (Scheme 28) [50].

The cyclocondensation of 5-aminotriazol-
4-carbohydrazide 92 with an excess of triethyl
orthoformate or triethyl orthoacetate led to ethyl-
N-(triazolo[4,5-d]pyrimidin-6(7 H)-yl)formimida-
tes 93 undergoing the hydrolysis under acidic

conditions to the corresponding 6-aminoderiva-
tives 94 (Scheme 29) [54].

The synthesis of triazolo[4,5-d]pyrimidine-
5,7(4H,6 H)-diones 95 was successful by heating
triazolilaminoamides 77 with N,N-carbonyldi-
imidazole (CDI) in DMF [6, 40, 47] or with di-
ethyl carbonate in ethanol [55-60] (Scheme 30).

The condensation of aminoamides 77 with car-
bon disulfide under alkaline conditions [8, 34, 40,
61-63] or co-melting with thiourea [64] led to
3-substituted 5-thioxotriazolo[4,5-d]pyrimidine-
7(4H)-ones 96 (Scheme 31).

The high-temperature reaction of 5-amino-
2-phenyltriazole-4-carboxamide (97) with dibutyl
phenylboronate (98) turned out to be a convenient
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0] 0]
N N
% NH Y NH
N ﬁ 2 - N A
,N NH, 1) CDI, DMF, 90 °C, 18 h; 2) NH4F, MeOH, 60 °C, 7 h ,N ” 6]
R or 1) (EtO,C),CO, rt, 40 min; 2) 90 °C, 5 h R
77 or 1) NaOEt, EtOH, A, 40 min; 2) (EtO2C),CO, A, 4 h 95, 39-83 %
~°%
R = nBu, iPr, 3-Pro-CeHs, 1O\ LiF §_<:/\O
HO
Scheme 30. The synthesis of triazolo[4,5-d]pyrimidine-5,7(4H,6H)-diones 95
0] (0]
N N
> ’ NH
N I NH2 > N\ | /g
N 10 % NaOH, CSy, DMF, A, 8 h NN
R NH2 5 KOH, CS,, EtOH, H,0, A, 48 h R H
0
77 or CS,, tBuOK, THF, MW, 120 °C, 2 h 96, 64-86 %
or (NH2)2CS, 175°C
F
N-OMe
R = Me, iPr, 4-MeOBn, §~©—<f OMe
Me
Scheme 31. The synthesis of 5-thioxotriazolo[4,5-d]pyrimidine-7(4H)-ones 96
0]

(0]
N Ph
Ph—N" ] NHz B
\N/ BuO OBu

NH,
97 98

N\
———  » Ph—N fNH
190 °C, 3 h INE= R

99, 23 %

Scheme 32. The synthesis of triazolo[4,5-d][1,3,2]diazaborinin-7(4H)-one 99

method for the preparation of triazolo[4,5-d]-
[1,3,2]diazaborinin-7(4H)-one 99 (Scheme 32) [65].

2.3. The cyclocondensation of triazolilami-
nonitrites

Amidines or their salts 80 were used as 1,3-
binucleophilic reagents to complete the pyrimi-
dine ring to 5-aminotriazole-4-carbonitrile 100
in order to synthesize triazolo[4,5-d]pyrimidine-
7-amines 101 (Scheme 33) [66].

A similar reaction of 5-(methylamino)triazo-
le-4-carbonitrile 102 with acetimidate 80 produ-
ced 4-methyl-4H-[1,2,3]triazolo[4,5-d]pyrimidi-
ne-7-amine 103 (Scheme 34) [45].

A convenient method for the preparation of
triazolo[4,5-d]pyrimidine-7-amine 105 was heat-
ing aminonitrile 104 in an excess of diethylme-

thylamine (DEMA) followed by the treatment with
ammonia in MeOH (Scheme 35) [67].

The condensation of aminonitriles 106 with
phenylisothiocyanate led to 7-anilinotriazolo[4,5-
d]pyrimidine-5-thiones 107, while 106 with po-
tassium O-ethyldithiocarbonate or carbon disul-
fide followed by the treatment of the reaction mix-
ture with methyl iodide yielded 5,7-bis(methylthio)
derivatives 108 (Scheme 36). The intramolecular
cyclocondensation of 5-cyano-4-ethoxymethylene-
amino-1,2,3-triazoles 106 by 10 h reflux in NaHS
solution proved to be convenient for the synthe-
sis of triazolo[4,5-d]|pyrimidine-7-thiones 109 [68].

The cyclization of 5-aminotriazole-4-carboni-
trile 25 with phenylisocyanate, isothiocyanates,
or thiourea at elevated temperatures was suc-
cessfully used to obtain triazolo[4,5-d]pyrimidin-
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NH
AL -MeCOH
R" “NH,
80
BuOH, 125°C, 1-2 h
or nCgHq30H, 160 °C, 2-5 h NHR2
R\N- CN R\L\L SN
NS — —> NI
NI NS PR
NH, NR2 N~ 'R
100 R1JJ\NHR2 101, 20-90 %
80 R =H, Me, Bn
AcOH, BuOH, 120-160 °C, 2-4 h R'=H, Me, CCl;
or AcOH, nCgH190H, 135 °C, 25 mmHg, 4 h R2=H, Bu

Scheme 33. The synthesis of 5-substituted triazolo[4,5-d]pyrimidine-7-amines 101

CN NH>
N NH N~
N’ \ + » N’ |
H NHMe ~ pMe” “NH, nBUOH, A, 125°C, 1h NT N)
I
Me
102 80 103, 89 %
Scheme 34. The synthesis of 4-methyl-4H-[1,2,3]triazolo[4,5-d]pyrimidine-7-amine 103
HoN
CN =N
N N
l\il ‘§\ > '\i’ \ />
AcO ‘N~ “NHz  T1YDEMA, 90 °C HO ‘NN
O 2) NH3-MeOH, rt 0
OH OH OH OH
104 105

Scheme 35. The synthesis of triazolo[4,5-d]pyrimidine-7-amine 105

5-ones 110 and triazolo[4,5-d]thiones 111, 112,
respectively (Scheme 37) [2].

Isomeric 4-aminotriazole-5-carbonitrile 113 was
subjected to the cyclization to triazolopyrimidine
systems 114-116 in the reaction with formamide,
phenylisothiocyanate, or carbon disulfide in an
alcoholic solution of KOH. Its interaction with
ethylenediamine formed imidazoyl-1,2,3-triazo-
le 117, which was converted to imidazo[1,2-c]-
[1,2,3]triazolo[4,5-e]pyrimidine 118 by the action
of triethyl orthoformate (Scheme 38) [69].

The authors of the work [70] successfully used
the condensation of 4-hetarylsubstituted triazole-
5-amines 120 (obtained from triazole-4-carbonit-
riles 119) with orthoesters to synthesize imidazo-
[1,2-c][1,2,3]triazolo[4,5-e]pyrimidines, pyrimido-

[1,2-c][1,2,3]triazolo[4,5-e]pyrimidines, triazolo-
[4°,5:4,5]pyrimido[1,6-a][1,3]diazepines 121
(Scheme 39).

Hydrogenated analogs of imidazo[1,2-c][1,2,3]-
triazolo[4,5-e]pyrimidines 122 were obtained by
reacting imidazoyl-1,2,3-triazoles 120 with aro-
matic aldehydes (Scheme 39).

3. The synthesis of triazoloannulated
pyridazines, oxazines and thiazines

Despite the relative ease of fusion of the pyri-
dine and pyrimidine nuclei to the triazole ring,
obtaining polycyclic systems with other hetero-
nuclei proved to be a more difficult task. However,
the authors of [71] succeeded in synthesizing 3H-
[1,2,3]triazolo[4,5-c]cinoline 124 by the nitrosation
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Ny N™>N"sMe
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106 2) NaOH, H;0, Mel, rt, 1 h 108, 88-96 %
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S
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EtOH, A, 10

2) NaOH to pH = 10,

L@
1) 0.075 M or 0.2 M NaHS, NF »

N
109, 83-97 %

h

then 5 N H,SO4 to pH =2
Scheme 36. Preparation of sulfur-containing triazolo[4,5-d]pyrimidines 107-109

PhNCO
DMF, TEA, A, 18 h

N__CN
N RNCS
N DMF, TEA, A, 5 h
N NH; or Py, A, 10 h, then HCI, H,0

25
Ar = 4-H2NOQS-C6H4

(NH5),CS
180 °C, 15 min

NH
'N]\AN’R
;
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I H

A

NH
,NfJ\N,Ph
> N |
N N So
! H

A

110, 89 %

S

111, 89-90 %

NH,
N N
B N
Nl
N NS
Ar H
112,91 %

Scheme 37. The synthesis of triazolo[4,5-d]pyrimidin-5-(thi)ones 110-112

of the amino group of 1,4-diaryl-substituted
5-aminotriazole 123 followed by the intramolecu-
lar azo coupling (Scheme 40).

The cyclocondensation of 1-heteryl-substitu-
ted 5-aminotriazole-4-carboxylic acid 125 with
acetic anhydride proved to be effective for the

preparation of the triazolo[4,5-d][1,3]oxazine-
7-one derivative 126 (Scheme 41) [25].

The cyclization of sodium carbamodithioate
128 (synthesized from triazolodiamine 127) with
an excess of CS, yielded triazolo[4,5-d][1,3]thiazi-
ne-5-thione 129 (Scheme 42) [72].
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Scheme 38. The synthesis of bi- and tricyclic triazoloannulated pyrimidine systems
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R1
o\ N,
N,NI H\wNHZ N,Nf N R2C(OEt); \(
NN, PaSs cat, 70- 80°C NNy, 157120 °C. 14-16 " j/\( »
R R
119 120, 33-79 % 121, 24-77 %

R = Bn, 4-CI-Bn, 2,4-di-CI-Bn, 4-Cl-CgHy4
Y = NH,, N=CHNMe,

RO
N N.__R
R'=H,Me,n=1,2,3 RCHO "7 T
R2 - H, Me, PhH, A, 8'10 h \N N
-
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Scheme 39. The synthesis of tricyclic triazole-containing pyrimidines 121-122
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Scheme 40. The synthesis of 3H-[1,2,3]triazolo[4,5-c]cinoline 124
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Scheme 41. The synthesis of triazolo[4,5-d][1,3]oxazine-7-one 126

N N
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Scheme 42. The synthesis of triazolo[4,5-d][1,3]thiazine-5-thione 129

JJ\SNa N S
- N\ | /g
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2) 1 N KOH Bn H
3)H topH=3.5 129, 60 %

4. The synthesis of triazoloannulated di-,
oxa-, and thiazepines

In addition to the triazoloannulated azine
structures described above, aminotriazoles also
turned out to be important substrates for the syn-
thesis of triazolodi(oxa-, thi)azepine systems.

The condensation of 4,5-diaminotriazoles 130
with B-dicarbonyl compounds proved to be a con-
venient tool for constructing a triazolo[4,5-b][1,4]-
diazepine core with varying degrees of saturation
(Scheme 43) [73]. Thus, a series of 1,5,7-substi-
tuted 1,6-dihydrotriazolo[4,5-b][1,4]diazepines 133
was obtained by the reaction of triazoles 130 with
dibenzoylmethane, benzoylacetone and acetylace-
tone 131. In turn, the reaction with ethyl ace-
toacetate and ethyl butyroacetate 133 proceeded
through the step of forming enamino derivatives
134, which were cyclized under basic conditions
to 3,7-disubstituted triazolo[4,5-b][1,4]diazepin-
5-ones 135. In the case of benzoyl acetate 136,
the initially formed amides 137 were cyclized un-
der acidic conditions to 1,7-disubstituted triazo-
lodiazepin-5-ones 138. Finally, 1,6-disubstitu-
ted triazolo[4,5-b][1,4]diazepine-5,7-diones 140

were obtained by the cyclocondensation of tri-
azoles 130 with diethyl 2-methyl(2-phenyl)-
malonate 139.

For the synthesis of triazolo[4,5-b][1,5]benzo-
diazepines 144, aminonitriles 141 were subject-
ed to N-arylation with ortho-halogenonitroben-
zenes 142 to derivatives 143, their reduction and
subsequent cyclization were done by the action
of anhydrous SnCl, in an alcoholic solution of HCI
(Scheme 44) [10, 74].

For the synthesis of optically active triazolo-
[4,5-d][1,3]diazepin-8-oles 148 and 149, N'-(4-for-
myltriazol-5-yl)- N, N-dimethylformimidates 145
were converted into trimethylsilylcyanohydrins
146, then the reduction of the nitrile group with
Raney nickel was accompanied by fusion of the
diazepine ring and the formation of triazolodi-
azepine 147 (Scheme 45). The deprotection of the
B-D-ribofuranosyl fragment and the subsequent
chromatographic separation of racemates 147 yields
target products with a high optical purity [75].

A convenient method for the synthesis of iso-
electronic analogs of isoazepinomycin, triazolo-
[4,5-¢][1,4]diazepine derivatives, was developed
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Scheme 43. 4,5-Diaminotriazoles 130 in the synthesis of triazolo[4,5-b][1,4]diazepines
X
X
R1_| H2N *HCI
CN ! NO CN R —N 1
N= 2 D
e Gp—T e - A
"N~ "NH2 NaH, THF, rt, 24 h NN SnCly, aq. EtOH NN N=
H HCl conc., A, 1 h H
NO,

141 143, 22-91 %
R = Me, Et
X =F, Cl, Br

R'=H, 4-F, 4-Cl, 4-Br, 4-CF 3, 3,4-di-Cl
Scheme 44. The synthesis of triazolo[4,5-b][1,5]benzodiazepines 144

144, 78-100 %

based on the intramolecular cyclization of N-func-
tionally substituted aminotriazolocarboxamides
150 (Scheme 46). It was found that the latter were
easily cyclized in formic acid at room tempera-
ture to 5-hydroxysubstituted triazolo[4,5-e][1,4]-
diazepines 151 in almost quantitative yields.
Under similar conditions, the action of S-nucleo-
philes 152 led to 5-sulfanylsubstituted triazolo-
diazepines 153. It was most likely that in this re-
action, the acid-catalyzed formation of the cyclic

iminium intermediate A took place, to which the
reagents containing the thiol group were then
added [76].
N-Boc-4-amino-1,2,3-triazole-5-carboxylic acids
154 are a new type of bifunctional reagents.
They were transformed into the corresponding
amides 155 by the action of ethyl glycinate hy-
drochloride in the presence of a 2-fold excess of
CDI (Scheme 47). Removal of the Boc-protec-
tion from their amino group by the action of an
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Scheme 45. The synthesis of triazolo[4,5-d][1,3]diazepin-8-oles 148-149 with optical purity
(0]
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rt, 12 h N . N
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A

R = jBu, Bn, 4-MeO-Bn, 3-CI-Bn, Ph, 4-CI-CgHy4, 4-Me-CgHa,
4-MeO-CGH4, 4-N02-C6H4, 2,4-df-F-C6H3, 2,4-di-Me-C6H3, 1-methylpyrazo|—3-yl

R' = CH,CO,H, CH,CO,Me, Ac, 4-Me-CgH4

Scheme 46. The synthesis of 5-hydroxy- Ta 5-sulfanylsubstituted triazolo[4,5-e][1,4]diazepines 151, 153

equivalent amount of hydrogen chloride in di-
oxane at room temperature and the subsequent
cyclocondensation by the action of NaOEt in the
ethanol solution were optimal conditions for ob-
taining target triazolo[4,5-e][1,4]diazepine-5,8-
diones 156 [77].

The authors of [78] used the reduction of amino
ketones 157 using NaBH, to alcohols 158; they
proved to be convenient substrates for further

transformations (Scheme 48). In particular, tri-
azolooxazepinones 160 were obtained by the reac-
tion of amino alcohols 158 with bromoacetyl bro-
mide 159 followed by the cyclization under ba-
sic conditions. In turn, triazolothiazepinone 162
was synthesized by the cyclocondensation of ami-
noalcohol 158 with thioglycolic acid (161).

A selective S-alkylation of 4-(/N-Boc-amino)-
1,2,3-triazole-5-carbothioamides 163 with ethyl
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Scheme 47. The synthesis of triazolo[4,5-e][1,4]diazepine-5,8-diones 156
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Scheme 48. Preparation of triazolooxo- and triazolothiazepinones 160 and 162
NHBoc NHBoc H O
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R = Me, R' = Et, iPr, tBu, cyclohexyl
R = CH,CH,Ph, R = Et, tBu
R = Ph, R' = Et, tBu

R = 2-MeO-CgHy4, R' = Et, iPr
Scheme 49. The synthesis of [1,2,3]triazolo[4,5-¢][1,4]thiazepin-5(6H)-ones 165

bromoacetate under mild conditions led to the
formation of 4-(IN-Boc-amino)-5-thioimidates 164
(Scheme 49). The latter, when the protective Boc-
group was removed by the action of hydrogen

chloride in dioxane, underwent the intramolecu-
lar cyclocondensation with the formation of tar-
get [1,2,3]triazolo[4,5-e][1,4]thiazepin-5(6 H)-ones
165 in high yields [79].
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® Conclusions indicate that structures of this type are easily

accessible and convenient building blocks for the
The analysis, systematization and generaliza- construction of triazoloannulated pyridine, azine

tion of literature sources related to the syntheticpo- and azepine systems that are important for syn-
tential of 1,2,3-triazole-4(5)-amines convincingly thetic and biomedical research.
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Selection of “Green” Conditions for Identifying Components
in a Combined Medicine by TLC/HPTLC Methods

Abstract

Aim. To select “green conditions” for identifying components in a combined medicine for the treatment of alcohol intoxication.
Materials and methods. Thin-layer chromatography and high-performance thin-layer chromatography methods were used.
An analytical GREEnness calculator was applied to assess the environmental friendliness of the analytical procedure.
Results and discussion. The choice of mobile and stationary phases that comply with the principles of “green chemistry” and
can be used to detect glutamic acid and glycine in the composition of a combined medicine has been substantiated. It has
been determined that by the indicators R, R, AR, a, N, H the most effective for the division is the ethanol (96 %) — water
(70:30) mobile phase (the length of the solvent front is 10 cm, the application volume is 5 pL), which allows, in addition to
amino acids, to determine another prescription component — ascorbic acid. The conditions for identification of substances
by the high-performance thin-layer chromatography method (the length of the solvent front is 7 cm, the application volume
is 2 uL) have been selected. It has been found that to detect chromatographic zones, it is optimal to use ninhydrin solution
R1 with further heating of the plate at a temperature of 100—105 °C for 5 min. The specificity of determination of glutamic
acid, glycine and ascorbic acid in comparison with solutions of standard substances has been proven. While studying the
robustness of the method the influence of chromatographic conditions on the final result (influence of plate materials of
different manufacturers, chamber saturation, application volume, distance from the “start line” to “finish line”, influence of
the detection solution, the stability of analyte in solution and on the plate) has been researched. The precision of the method
on one and three plates of the same type has been studied; the intermediate precision has been researched. The calculated
assessment of greenness of the analytical procedure is 0.66.

Conclusions. As a result of the studies conducted, “green conditions” for identifying amino acids (glutamic acid, glycine), as
well as ascorbic acid in a combined medicine by thin-layer chromatography and high-performance thin-layer chromatogra-
phy methods have been selected. The validation characteristics of the method (specificity, robustness and precision) have
been studied.

Keywords: “green” chemistry; thin-layer chromatography; high-performance thin-layer chromatography; glycine; glutamic
acid; ascorbic acid

0. B. Pypakosa, C. M. l'y6apb, H. M. CmenoBa, A. |. KptoKkoBa, H. 0. beBs, B. A. leoprifHL,

HauioHanbHuli papmayesmuyHuli yHisepcumem MiHicmepcmea oxopoHu 300po8’s YkpaiHu,

syn. MywkKiHcoKa, 53, m. Xapkis, 61002, YkpaiHa

Dob6ip «3eneHnx» ymos ana ineHTUdiKaLii KOMNOHEeHTIB y KOMbBiHOBaHOMY niKapcbKomMy 3acobi
meTtogamu TLUX/BETLUX

AHoTauin

Merta. [lo6path «3eneHi» ymosu ana igeHTUdiKaLii KOMNOHEHTIB y CKMadi KoMBiHOBAHOIO NiKapcbKoro 3acoby, npusHave-
HOTO ONA NiKyBaHHA a/IKOrO/NbHOI iIHTOKCMKaLLii.

Martepianu Ta metogu. MNig Yac focnigxKeHHA BUKOPUCTAaHO METOAM TOHKOLLAPOBOi Ta BUCOKOEhEKTUBHOI TOHKOLLAPOBOI XpPO-
maTorpadii. 11 ouiHIOBaHHA €KON0MNYHOCTI aHaNITUYHOT MeToAWKM ByN10 3aCTOCOBaHO aHaNITUYHWUI KaibkynaTop « GREEnness».
Pe3ynbTati Ta ix o6roBopeHHA. O6rpyHTOBaHO BUBIp pyxomux ¢as, AKi BigNOBigaloTh NPUHLMMNAM «3e1EHOT XiMii» Ta Mo-
YTb BYTU BUKOPUCTaHI ANA BUABNEHHA MYyTamMiHOBOI KMCAOTU Ta MiLUHY Y CKNadi KOMBiIHOBaHOro JlikapcbKoro 3acoby.
Bu3HayeHo, WO 3a NokasHukamm R, R, AR, a, N, H HalledeKTnBHiWO0 Ana posaineHHs € pyxoma dasa emaHon (96 %) —
800a (70:30) (goB»1Ha GPOHTY po3UMHHMKA — 10 cm, 06’em A1 HAHECEHHSA — 5 MK), IKa A03BO/SIE, OKPIM aMiHOKUCAOT, Ta-
KO BU3HAYUTU LLEe OAMH KOMMOHEHT NPONUCY — KUCNOTY ackopbiHoBy. [libpaHO yMOBUM A8 BUSHAYEHHA PEYOBUH METOA0M
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BMCOKOEpEKTMBHOT TOHKOLWAPOBOi XpomaTorpagdii (A0BKMHA GPOHTY PO3UMHHUKA — 7 CM, 06’eM A1 HAHECEHHA — 2 MKA).
3’AcoBaHo, WO A4/15 BUABAEHHA XpomMaTorpadiyHMX 30H ONTUMaNbHUM € BUKOPUCTAHHA HiH2iOpuHY po3yuHy P1 i3 noganb-
LWMM HarpiBaHHAM NaacTMHM 3a TemnepaTypun 100—105 °C npoTarom 5 xBuauH. [loBeaeHo cneundivyHicTb BUSHAYEHHA ry-
TaMiHOBOT KUCNOTU, MiLUUHY Ta aCKOPHiIHOBOT KMUCNOTM NPOTU PO3YMHIB CTAHAAPTHMX pevyoBUH. MNig yac BUBYEHHA pobacHOCTI
METOAMKM SOCNIOKEHO BMNIMB YMOB NPOBEAEHHA XpomaTorpadyBaHHA Ha KiHLEBUI pe3ynbTaT (TN Hepyxomoi pasu, HacK-
YeHicTb Kamepu, 06’em HaHeCeHHs, BiACTaHb Big, NiHiT cTapTy A0 ¢iHiWy, po3YMH ANA BUABNEHHS, CTabiNbHICTb PO3UMHIB
ONR HaHeceHHs ). BuBYeHO NpeumsiiHiCTb METOAMKMN Ha OAHINM Ta Ha 3-X NAACTUHAX O4HOMO TUNY, AOCAIAKEHO BHYTPIWHbO-
nabopaTopHy NpeuusinHicTb. Po3paxyHKOBa OLiHKa «3€1eHOCTI» aHaNiTUYHOT MEeTOANKM CTaHOBMUTb 0,66.

BUCHOBKM. Y pe3ynbTaTi NpoBeAeHUX JoCNiaxKeHb 6yno AibpaHo «3eneHi» ymoBu gns ineHTndikauii amiHokucnort (rnyTa-
MiHOBOT KMCNOTK, MiUMHY) Ta acCKOpBIiHOBOI KMCNOTM B KOMBiHOBaHOMY /liKapCbKOMY 3acobi MeToAaMmn TOHKOLIAPOBOT i BU-
coKoedeKTMBHOT TOHKOLAPOBOT XxpomaTtorpadii, a TaKoX BMBYEHO BanidaLiliHi XapaKTepUCTUKN METOAMKN (cneumndidHicTb,
pobacHicTb Ta NpeuusinHicTb).

Kntouoei cnosa: «3eneHa ximia»; TOHKOWapoBa xpomaTtorpadisa; BUCOKoedeKTMBHA TOHKOLWAPOBA XpomaTorpadis; rmiunH;

rNyTamiHOBa KMCNOTa; aCKop6iHosa KMUCN0Ta
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B Introduction

Nowadays pharmaceutical analysis of medi-
cines presupposes the use of chemical substanc-
es, solvents and reagents, which, of course, have
a negative impact on both the laboratory person-
nel and the environment. Quite often, a signifi-
cant volume of waste, including toxic organic sol-
vents, which require further processing and dispo-
sal, can also appear after carrying out the analysis.

Taking into consideration the increasing con-
cern of the society for the environment, modern
approaches to the pharmaceutical development
and research foresee the implementation of the
concept “Quality by design”, which means not the
use of the correct methods of drug quality con-
trol, but also taking into account modern demands
to these methods from the point of view of “green
chemistry”. The “green chemistry” principles are
aimed at diminishing the resources, energy costs,
time minimization, actions and operations dur-
ing the analysis, waste minimization and, where
possible, replacement of toxic chemicals with less
harmful and safer for people [1-5].

Amino acids used in medicine for treating me-
tabolic disorders, diseases of the gastrointestinal
tract, nervous system, etc., are common active
pharmaceutical ingredients of both mono- and
combined medicines. A considerable arsenal of
analytical methods is used to control the quality
of such medicines in modern pharmaceutical

analysis. However, chromatographic methods of
research, which are known to allow solving se-
veral issues of drug quality control at the same
time, play the main role [6, 7].

For example, thin-layer chromatography me-
thod (TLC) is an important pharmacopoeial ex-
press method for the identification and semi-
quantitative determination of amino acids [8—13].
Due to differences in the chemical structure of
the compounds analyzed, their solubility and po-
larity, they enter into a specific interaction with
the stationary and mobile phases, which causes
different speed of the substance transport [12].
This allows the simultaneous separation of both
amino acid mixtures, including enantiomers and
medicines, which are combinations of amino acids
with other active pharmaceutical ingredients.
In addition, the method is convenient and eco-
nomical.

High-performance thin-layer chromatography
method (HPTLC) is becoming more and more com-
mon nowadays as an alternative and more “green”
method for studying amino acids. Due to the use
of plates with a smaller particle size of the sorbent
(from 2 to 10 um), the effective chromatographic
separation is achieved using a smaller plate size,
application volume, and, accordingly, spending
less mobile phase volume [12, 13].

However, the procedure of carrying out the
research by TLC/HPTLC methods quite often
requires the use of toxic solvents both for the
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moving phase, the samples under study, and for
the identification of the chromatography zones
obtained [1, 3, 4]. The amino acid analysis is most
often performed in the system of the normal-phase
chromatography where combinations of silica gel
with two- or three-component mobile phases are
used for the research. One of the solvents is of-
ten acetone, methanol, acetic and formic acid,
sometimes with the addition of ammonia, pyri-
dine, chloroform, etc. [7, 12, 13].

One of the twelve principles of “green chemis-
try” supported by P. T. Anastas and J. C. Warner
in 1998 is the use of safer solvents and excipi-
ents. As a result, there has been a growing trend
in recent decades to use more environmentally
friendly alternative solvents in analytical re-
search [14].

An important issue of choosing a solvent is
the assessment of its environmental friendliness.
To date, there are numerous guidelines in the sci-
entific literature on the choice of solvents, which
provide recommendations for the choice of sol-
vents, taking into account their impact on the
environment, stability, lammability and explo-
siveness [3—5, 14, 15]. However, the use of envi-
ronmental assessment criteria requires special
tools that will allow obtaining an easily inter-
preted and informative result, especially for
comparing analysis methods. For this purpose,
a GREEnness analytical calculator is used; its
evaluation criteria are taken from the twelve prin-
ciples of “green chemistry”, transformed into a uni-
fied scale 0—1, and the final score is calculated
based on the principles of importance. The result
1s an icon indicating the final score, the effective-
ness of the analytical procedure for each criterion
and the user-assigned weights that are conve-
nient to use both when developing a new “green”
method of analysis and comparing it with the
existing methods [16].

In the modern scientific literature, scientific
publications that offer more “green” mixtures of
mobile phases for the amino acid analysis, inclu-
ding pure water, aqueous solutions of surfac-
tants, ethyl acetate, n-butanol, n-butyl acetate,
ethylene glycol, have been described. They may
become the dominant “green eluents” in the chro-
matographic analysis [7, 14].

However, taking into account the significant
variety of medicines with amino acids, the pos-
sible effects of active substances and excipients,
this issue still remains open.

Therefore, the selection of conditions for the
efficient separation of amino acids included into

the composition of combined medicines, which will
allow us to identify specifically the substances stu-
died and which will meet the principles of “green
chemistry”, is an urgent task of the research.

B Materials and methods

The study object was a combined original me-
dicine intended for the pharmacotherapy of alco-
hol intoxication. By its chemical composition it
is a mixture of amino acids with other substan-
ces in the form of an effervescent powder (two
sachets) for the preparation of oral solution (sa-
chet bag 1. glutamic, acetylsalicylic, ascorbic acids
and anhydrous citric acid, sorbitol; sachet bag 2:
glycine, sodium bicarbonate, sorbitol) [17, 18].

The research was carried out according to
the requirements of the European Pharmacopoeia
(EP)/the State Pharmacopoeia of Ukraine (SPhU),
2.2.27 “Thin-layer chromatography” [19, 20].
The identification procedure was performed si-
multaneously with the determination of its vali-
dation characteristics [19, 20].

A GREEnness analytical calculator for the
assessment of the analytical procedure’s green-
ness was also used [16].

Stationary phase

TLC-plates: TLC Silica gel (Supelco), alumi-
num plates; TLC Silica gel 60 (Merck), alumi-
num plates; Silica gel 60 (Merck), glass plates;
HPTLC-plates: HPTLC Silica gel 60 (Merck),
glass plates.

Verification of the separation ability of the
stationary phase for the identification was per-
formed as required by the EP/SPhU, 4.1.1 [19, 20].

Before using the plates were activated by
means of heating in an electric drying cabinet
(model “2 III-0-017) at a temperature of 120°C for
20 min [19, 20] to remove residual moisture, which
could reduce the sorbent activity.

Solvents and reagents

Water for chromatography and solvents of the
appropriate quality and purity meeting the re-
quirements of the EP/SPhU were used for the study.

Reference standards (RS)

The  substances of glutamic acid
(c. SLBS0553V, manufactured by Sigma Aldrich),
glycine (c. LRAA8813, manufactured by Sigma Al-
drich) and ascorbic acid (c. DYD2622000008, ma-
nufactured by Northeast Pharmaceutical Group Co.,
Ltd) were used as reference standards.

Test solutions (TS)

Test solution 1 (T'S-1). To 200 mg of powder
from sachet bag 1, equivalent to 25 mg of glutamic
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acid and 5 mg of ascorbic acid, add 15 mL of wa-
ter R. Sonicate in an ultrasonic bath at 50°C for
12 min and cool. Dilute to 25.0 mL with water R
and mix.

Test solution 2 (TS-2). To 130 mg of powder
from sachet bag 2, equivalent to 10 mg of glycine,
add 15 mL of water R. Sonicate in an ultrasonic
bath at 50°C for 12 min and cool. Dilute to 25.0 mL
with water R and mix.

Reference solutions (RS)

Glutamic acid reference solution (RS-1). To 25 mg
of glutamic acid RS, add 15.0 mL of water R. Soni-
cate in an ultrasonic bath at 50°C for 12 min, cool.
Dilute to 25.0 mL with water R and mix.

Glycine reference solution (RS-2). Dissolve 10 mg
of glycine RS in water R and dilute to 25.0 mL
with the same solvent.

The mixture of glutamic acid and glycine re-
ference solutions (RS-3). To 25 mg of glutamic
acid RS and 10 mg of glycine RS, add 15.0 mL of
water R. Sonicate in an ultrasonic bath at 50°C
for 12 min, cool. Dilute to 25.0 mL with water R
and mix.

Ascorbic acid reference solution (RS-4). Dissol-
ve 5 mg of ascorbic acid RS in water R and di-
lute to 25.0 mL with the same solvent.

The type and configuration of the chro-
matographic chambers

To conduct the research, the chambers with
the split-performance of the firms “Sorbfill”
(19%19.5%6.5 cm) and “Camag” (27X7X26 cm)
were used.

Drying the plates after the elution and
detection of chromatographic zones (deri-
vatization)

Drying the plates after the elution was per-
formed in the air. The detection of chromatogra-
phic zones was carried out by sprinkling with
a solution for detection and further heating in
a drying electric cabinet (model “2II1-0-017).
The results were evaluated in the daylight.

For derivatization of chromatographic zones,
ninhydrin solution R and ninhydrin solution R1
prepared according to the requirements of the
EP/SPhU were used [19, 20].

The sample application

A Hamilton Bonaduz AG microsyringe (Via
Crusch 8, CH-7402 Bonaduz, Switzerland) with
the volume of 10.0 pLi was used for the sample
application.

Documentation

After detection, chromatographs were docu-
mented using a Camag® TLC Visualizer 2 and
a winCATS® software.
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Temperature and humidity

To get the results, the experiment was con-
ducted at the temperature of 25°C and the air
relative humidity of not more than 75% [19, 20].

Calculation of criteria

The retardation factor (retention factor) (R),
AR, resolution (R,), selectivity (o) was calculat-
ed using the following formulas (1-4) [9, 19-22]:

R -1+, (1)
ARs = Ry — Ry, (2)
R,= AX/[ M], (3)
1
= -1
a- —(Rf ) @
(R—ﬂ -1)

where, [ is the distance from the centre of the

chromatographic zone to the “start line”, mm;

L is the distance of the solvent front, mm;

AX is the distance between the centers of chro-

matographic zones, mm;

W is the height of a chromatographic zone, mm.
The separation efficiency was calculated by the

quantity of theoretical plates (/N) and their height

(H) using the following formulas (5—6) [9, 19—-22]:

2
N= 16(L;VR"), (5)
L
H:N' (6)

The study of validation characteristics

Specificity. It was determined on one plate by
comparing the chromatographic zones of Test and
Reference solutions. The method is specific if the
chromatographic zones obtained with Test solu-
tions are similar to the chromatographic zones
of Reference solutions with respect to position,
color, and intensity of bands.

Robustness. The influence of chromatographic
conditions on the final result (the impact of the
stationary phase type, chamber saturation, ap-
plication volume, distance from the “start line”
to the “finish line”, the effect of the detection so-
lution, stability of solutions for application) was
assessed.

The influence of the chamber saturation.
The study was conducted in a chromatographic
chamber pre-saturated (for 1 h) and unsaturat-
ed by an eluent [11, 23].
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The influence of the distance that the mobile
phase should overcome. Such distances of solvents
front as 10, 12 and 15 cm were compared [11].

The influence of plate materials of different
manufacturers. The impact of the plate materi-
als of different manufacturers on the result of
the separation capacity of the mixture compo-
nents and the fluctuation of R, values for the
corresponding zones was assessed.

The influence of the volume of application so-
lutions. The results obtained during application
of Test solutions and Reference solutions of dif-
ferent volumes were compared.

The stability of the analyte in the solution and
on the plate. The stability of the solutions studied
was assessed simultaneously on one TLC plate.
Test solutions and Reference solutions were ap-
plied 3 hours earlier and immediately before chro-
matography.

The stability of derivatization results. The im-
pact of heating conditions of the plate after the
elution at a temperature from 100°C to 105°C
for 5—15 min was studied.

The stability of chromatographic results. The sta-
bility results were assessed in 5, 15, 30 and 60 min
after chromatography.

Precision. R, values for chromatographic zones
with testing on one TLC plate, on 3 different pla-
tes of the same type were calculated. The analysis
was performed on different days by different ana-
lysts (the intermediate precision) [7, 12, 19, 20, 23].

B Results and discussion

1. The TLC-method development

To select conditions for the identification of
amino acids (glutamic acid and glycine) in a com-
bined medicine for the treatment of alcohol into-
xication by TLC/HPTLC methods, the primary
task of the research was the choice of the mobile

phase, which would meet the principles of “green
chemistry” and was suitable for separation of
amino acids in a combined medicine.

A great number of mobile phases for the
identification of amino acids by the TLC method
have been described in the scientific literature.
For example, in the EP/SPhU, glycine and glu-
tamic acid are determined in the mobile phase
of glacial acetic acid — water — butanol (20:20:60)
[10, 24]; among other mobile phases isopropyl al-
cohol — concentrated ammonia (70:30), acetonit-
rile — water (10:90), chloroform — methanol (1:1),
etc., are the most common [7, 12, 13]. However,
based on the work of scientists in defining the cri-
teria of solvents according to their safety, the im-
pact on human health and environment [1-5, 24],
it was found that not all combinations of solvents
used met the principles of “green chemistry”.

Thus, in the theoretical evaluation of these
mobile phases using a GREEnness analytical cal-
culator [16] (Figure 1) it was found that under
the same conditions of determination (the num-
ber of test samples, type and amount of a deri-
vatizing reagent), but with different types and
volumes of solvents and the total amount of waste,
the methods analyzed had similar values of the
degree of environmental friendliness.

In accordance with the principles of “green
chemistry” in the development of “green” methods
of research the choice of solvents should avoid
the formation of large volumes of waste and give
preference to reagents derived from renewable
sources. Commonly recommended analytical sol-
vents (after water) are alcohols (ethanol, isopro-
pyl alcohol, butanol, etc.) [1, 4, 5].

When evaluating the existing mobile phases
for the amino acid analysis using a GREEnness
analytical calculator it was found that the com-
binations “alcohol — water” had values close to 1,
indicating that the evaluated procedure was

Figure 1. The results of the assessment of analytical procedures of greenness using different mobile phases: A glacial acetic acid — water —
butanol (20:20:60); B isopropyl alcohol — concentrated ammonia (70:30); C acetonitrile — water (10:90),; D chloroform — methanol (1:1)
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Table 1. Chromatographic parameters R, AR, R, o, N, Hon the TLC plate Supelco, aluminum plate

Mobile phase/analyte R; AR, R, o N H
Mobile phase 2: Glutamic acid 0.40 £ 0.01 1024 0.098
. - 0.04 1.00 1.19
isopropyl alcohol — water (70:30) Glycine 0.36+0.01 829 0.121
Mobile phase 3: Glutamic acid 0.58 £ 0.01 0.10 550 150 3364 0.030
ethanol (96 %) — water (70:30) Glycine 0.48 +0.01 ’ ’ ’ 2304 0.043

“greener” [16]. Therefore, the following mobile
phases were selected for further study:
* mobile phase 1: isopropyl alcohol — water
(10:90) [7, 13];

* mobile phase 2: isopropyl alcohol — water
(70:30) [7, 13];

*  mobile phase 3: ethanol (96 %) — water
(70:30) [7, 13, 25].

To select the most optimal mobile phase, the
mixture of glutamic acid and glycine, Reference
solution (RS-3), was used. To standardize the ana-
lysis conditions, the distance travelled by the
solvent front from the point of application to the
“finish line” was 10 cm.

According to the results of the study it was
found that mobile phase 1 was not suitable for the
separation of glutamic acid and glycine mixture,
and unseparated chromatographic zones concen-
trated near the “finish line”. Mobile phases 2 and 3
seemed to be more effective for the implementa-
tion of the task set. According to the classifica-
tion of solvents by L. Snaider, isopropyl alcohol
and ethanol have close polarity values. In mo-
bile phase 1 the quantity of even more polar sol-
vent — water — three times exceeds its content
compared to mobile phases 2 and 3. From liter-
ary sources, it is known that with a decrease of
the organic solvent concentration, the stronger
hydrogen bonds in the amino group with alcohol
molecules, which are on the surface of a sorbent,
can be formed, and thus, we can see the predomi-
nance of the process of sorption on the surface
of sorbent over association in the solution [26].

In this regard, further research was conduct-
ed using mobile phases 2 and 3; their suitability
was assessed with the values R, R, AR, a, N, H
(Table 1).

The chromatographic system must be selec-
tive for the separation of substances, which means
that the compounds must be retained in diffe-
rent ways. The separation of two substances is
practically possible if R,, > R, and AR, > 0.1 [22].
According to the results of the analysis (Table 1),
R, of the first component (glutamic acid) exceeds
R; of the second component (glycine) in each of the
given mobile phases. However, when comparing

AR, of chromatographic zones it was found that
mobile phase 3 had the optimal value. Accord-
ing to the resolution (R,) and selectivity (a),
mobile phase 3 was characterized by a more com-
plete separation of amino acid chromatographic
zones. While assessing separation efficiency pa-
rameters (H, N) it was concluded that in mobile
phase 3 the balance between the phases was more
often achieved, and the separation of the com-
ponents of the mixture analyzed went on more
effectively.

Therefore, mobile phase 3 among tested ones
is the most optimal for the separation of glutamic
acid and glycine.

It was also concluded that a mixture of glu-
tamic acid and glycine (RS-3) should be used to
test the suitability of the chromatographic sys-
tem for analysis: two clearly separated chroma-
tographic zones should be identified.

The next stage of the research was to select
the optimal reagent for detecting chromatogra-
phic zones of amino acids. It is known that the
effectiveness of the derivatizing reagent is deter-
mined by the ability to color the compounds an-
alyzed in a specific way [9]. Ninhydrin solution
R and ninhydrin solution R1 are used to identify
amino acids according to the EP/SPhU.

When evaluating them according to the prin-
ciples of “green chemistry” it was found that, by
the amount of waste, ninhydrin solution R had
a higher value of the indicator approaching 1,
1.e. was “greener” than ninhydrin solution R1.

However, while performing chromatography of
the mixture of glycine and glutamic acid (RS-3) in
the ethanol (96 %) — water (70:30) mobile phase it
was found that ninhydrin solution R1 providing a
clearer and more intense coloring of the chromato-
graphic zones was the most optimal one (Figure 2).

The research also showed that the process-
ing of chromatograms consumed less volume of
the derivative reagent ninhydrin solution R1 and
reduced the duration of heating (chromatographic
zones had intense color after 5 minutes of heat-
ing at 100—105°C). Therefore, from the point of
view of the efficiency of detection of analytical zo-
nes and the most optimal one principles of “green
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Figure 2. The chromatogram of the mixture of Reference solution
of glutamic acid (Glu) and glycine (Gly), RS-3, in the ethanol

(96 %) — water (70:30) mobile phase: 1 — using ninhydrin solution
R1; 2 — using ninhydrin solution R on the TLC Silica gel (Supelco),
aluminum plate
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Figure 3. The chromatogram of Test solution 1, TS-1 (1);

Test solution 2, TS-2 (2); Reference solution of glutamic acid (Glu),
RS-1 (3); Reference solution of glycine (Gly), RS-2 (4) on the TLC
Silica gel (Supelco), aluminum plate

chemistry”, the use of ninhydrin solution R1 is
the optimal for analysis.

In the given conditions the chromatographic
study of sachet bag 1 (T'S-1) and sachet bag 2
(TS-2) compared to glutamic acid RS (RS-1) and
glycine RS (RS-2) was carried out (Figure 3).

In the above mobile phase, ethanol (96%) —
water (70:30), for T'S-1 and TS-2, chromatogra-
phic zones were detected at the level of the zones
of glutamic acid RS (RS-1) and glycine RS (RS-2).
The zones of Reference solutions and Test solu-
tions have a complete separation, coincided in co-
lor and location, indicating the specificity of the
separation of the mixture components.

After considering the results of chromatogra-
phy it was found (Figure 3) that in addition to glu-
tamic acid zones in T'S-1 there was another uni-
dentified zone. This indicates that another com-
ponent of sachet bag 1 entered the derivatization
reaction with ninhydrin solution R1. Taking into
account the composition of the sachet bag stud-
ied we can assume that ascorbic acid reacts with
ninhydrin since it has the strong reducing pro-
perties (E, = +0.18 V) [27, 28]. After conducting
the study for the second time with ascorbic acid
RS (RS-4), it was proven that the unidentified
zone corresponded to ascorbic acid (Figure 4).

Thus, under the given conditions, it is possi-
ble to simultaneously identify three components
of the dosage form — glycine, glutamic acid and
ascorbic acid. This approach is optimal in terms
of the principles of “green chemistry” as it allows
reducing the number of analytical operations dur-
ing the medicine quality control.

2. The TLC-method validation

2.1. Specificity

The method is specific, which is confirmed by
the chromatogram (Figure 4). The chromatogra-
phic zones obtained with Test solutions are simi-
lar to the chromatographic zones of Reference so-
lutions with respect to the position, color, and in-
tensity of bands.

2.2. Robustness

The next stage of the research was to study
the procedure robustness.

The influence of the distance that the mobile
phase should overcome

Such distances of the solvent front as 10, 12
and 15 cm were compared (Figure 5).
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Figure 4. The chromatogram of Test solution 1, TS-1 (1);

Test solution 2, TS-2 (2); Reference solution of glutamic acid (Glu),
RS-1 (3); Reference solution of glycine (Gly), RS-2 (4); ascorbic acid
RS (Ac), RS-4 (5) on the TLC Silica gel (Supelco), aluminum plate
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Figure 5. The influence of the distance for the mobile phase to overcome: Test solution 1, TS-1 (1); Test solution 2, TS-2 (2);
glutamic acid RS (Glu), RS-1 (3); glycine RS (Gly), RS-2 (4); ascorbic acid RS (Ac), RS-4 (5) on the TLC Silica gel (Supelco), aluminum plate

A value of 10 cm is optimal as increasing the
distance from the “start line” to the “finish line”
leads to blurring, lengthening of the zones ob-
tained and, in general, increases the duration of
the analysis and reduces the “greenness” of the
method [16].

The influence of plate materials of different
manufactures

The separation of the mixture components was
achieved on all the plates analyzed (Figure 6,
Table 2).

However, evaluating the results obtained on
the plates of different manufacturers with alu-
minum and glass plates (Table 2) it was found
that a more complete and efficient separation of
chromatographic zones was achieved on the pla-
tes produced by “Merck”.

The influence of the chamber saturation

As a result of the study, it was concluded that
in the pre-saturated chromatographic chamber,
due to the formation of the gas phase of the elu-
ent, there was a better separation of chromato-
graphic zones. The elution process in these con-
ditions was faster, so the chromatographic time
was reduced.

The influence of the volume of the application
solution

While conducting the research, the results ob-
tained when applying Test solutions and Referen-
ce solutions, which sample volumes were 5, 10,
15 pLi, were compared (Figure 7).

As we can see, the optimal application vo-
lume is 5 pL, including 5 pg of glutamic acid,
3.25 ng of glycine and 1.95 pg of ascorbic acid.
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Figure 6. The influence of plate materials of different manufactures: A — TLC Silica gel 60 (Merck), glass plate; B—TLC Silica gel 60 (Merck),
aluminum plate; C—TLC Silica gel (Supelco), aluminum plate; 1 — Test solution 1, TS-1; 2 — Test solution 2, TS-2; 3 — RS-1; 4 — RS-2; 5— RS-4
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Table 2. Chromatographic parameters Rf, AR, R, o, N, H on different TLC plates

Mobile phase/analyte R; AR, R, a N H
T 12 v PP PP A
suminomgie " [oyone saoroor | °% | 5B | 23 e omes
uminomgite - [oletamic s Gassoor ] 010 | 2% | 10 [ oa,
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Figure 7. The influence of the volume of the application solution: 1—3 — Test solution 1, TS-1; 4—6 — Test solution 2, TS-2; 7—9 — glutamic
acid RS (Glu), RS-1; 10—12 —glycine RS (Gly), RS-2:1,4,7,10-5 pl; 2, 5,8,11—-10 pL; 3, 6,9, 12— 15 plL on the TLC Silica gel (Supelco),
aluminum plate

While increasing the application volume the blur-
ring of chromatographic zones and changing their
form can be seen. The size of the chromatogra-

phic zone samples allowing to achieve reproducible &% i

results 1s 10X2 mm. 08l s
The stability of an analyte in the solution and " Ac

on the plate 071 (-— - i
The results are shown in Figure 8. It was found os! D @‘3'“ e

that the individual zones obtained did not differ - - Gly

in location, color, intensity and shape, indicating 057 (- © 705

the stability of the solutions analyzed within the sl Ly

specified period of time.
The stability of derivatization results 031 103
As mentioned earlier (Figure 3, 4), during the

research it was concluded that heating the plate 4 1%
at a temperature of 100—-105°C for 5 min was 011 101
sufficient for the derivatization process.

The stability of chromatographic results 1 ’ 3 4

The stability of the results was evaluated at . 8. The stability of Test solution 1, TS-L (1, 2) and Test
. igure 8. The stability of Test solution 1, TS-1 (1, 2) and Tes
5, . 15_’ 30 an_d 60 .mln afte.r chromatography. solution 2, TS-2 (3, 4): 1, 3 — samples applied 3 hours before
Within the given time, no difference was found  chromatography; 2, 4 — samples applied just before
between the areas studied. chromatography on the TLC Silica gel (Supelco), aluminum plate
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2.3. Precision

When studying the procedure precision the
values of R, for the zones of glutamic and ascor-
bic acids (T'S-1) and glycine (T'S-2) were calcu-
lated:

+ on one TLC plate;

* on 3 plates of the same type;

* 1in the analysis on different days by differ-

ent analysts (the intermediate precision).

The analysis was performed on the TLC (Su-
pelco) aluminum plate [29].

It was summed up that the chromatographic
zones obtained were clearly separated, identical
in their location and color. Metrological charac-
teristics of R, values for chromatographic zones
corresponding to glutamic acid, glycine and
ascorbic acid are as follows:

* on one plate:

R:(Ac) =0.71; RSD,% = 0.81%; R, ,,.— E;,,;,= 0.01

R(Glu) =0.58; RSD,% = 1.00%; R;,,..,— R;,;,= 0.01

R/(Gly) =0.48; RSD,% = 1.21%; R;,,,.,— R;,,;,,= 0.01
* on 3 plates of the same type:

R:(Ac) =0.72; RSD,% = 1.61%; R, ,.— R ,;,= 0.02

R:(Glu) =0.58; RSD,% = 1.72%; R;,,,.,— R;,,;,= 0.02

R(Gly) =0.48; RSD,% = 2.08%; R;,,..,— R;,;,= 0.02
* the intermediate precision:

R:(Ac) =0.72; RSD,% = 2.90%; R, ,.— E;,,;,= 0.04

R(Glu) =0.58; RSD,% = 3.45%; R;,,,.,— R;,,;,= 0.04

R:(Gly) =0.48; RSD,% = 4.31%; R;,,,.,— R;,,;,= 0.04

For the TLC method developed for the ana-
lysis of amino acids and ascorbic acid using
a “GREEnness” analytical calculator the green-
ness of the analytical procedure was calculated
(Figure 9). As we see, it exceeds the results when
using other mobile phases (Figure 1). Thus, we can
conclude that the method developed is greener.

3. Development of the HPTLC method

At the same time, a procedure was developed
for its use by the HPTLC method. The research
was conducted at the stage of studying robust-
ness. The optimal sample volume for plate appli-
cation was 2 uL; the solvent front distance was
7 cm. The chromatographic results are shown in
Figure 10.

4. Method of analysis

The validated TLC/HPTLC method for ana-
lyzing glutamic acid, glycine, ascorbic acid is
given below.

Thin-layer chromatography (EP/SPhU, 2.2.27).

Test solution (a): To 200 mg of powder from
sachet bag 1, equivalent to 25 mg of glutamic acid
and 5 mg of ascorbic acid, add 15 mL of water R.

Journal of Organic and Pharmaceutical Chemistry 2022, 20 (2)

Figure 9. The results of assessing the greenness of the analytical
procedure for the method developed
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Figure 10. The chromatogram of Test solution 1, TS-1 (1); Test
solution 2, TS-2 (2); glutamic acid (Glu) RS, RS-1 (3); glycine RS
(Gly), RS-2 (4); ascorbic acid RS (Ac), RS-4 (5) on the HPTLC Silica
gel (Merck), glass plate

Sonicate in an ultrasonic bath at 50°C for 12 min,
cool. Dilute to 25.0 mL with water R and mix.

Test solution (b): To 130 mg of powder from
sachet bag 2, equivalent to 10 mg of glycine, add
15 mL of water R. Sonicate in an ultrasonic bath
at 50°C for 12 min, cool. Dilute to 25.0 mL with
water R and mix.

Reference solution (a): To 25 mg of glutamic
acid RS, add 15 mL of water R. Sonicate in an
ultrasonic bath at 50°C for 12 min, cool. Dilute
to 25.0 mL with water R and mix.

Reference solution (b): Dissolve 10 mg of gly-
cine RS in water R and dilute to 25.0 mL with
the same solvent.

Reference solution (c): To 25 mg of glutamic
acid RS and 10 mg of glycine RS, add 15 mL of
water R. Sonicate in an ultrasonic bath at 50°C
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for 12 min, cool. Dilute to 25.0 mL with water R
and mix.

Reference solution (d): Dissolve 5 mg of ascor-
bic acid RS in water R and dilute to 25.0 mL with
the same solvent.

Plate: TLC silica gel plate R (HPTLC silica gel
plate R).

Mobile phase: ethanol (96%) R — water R (70:30).

Application: 5 pL (2 pL).

Development: 10 cm (7 cm).

Drying: in air.

Detection: spray with ninhydrin solution R1
and heat at 100-105°C for 5 min.

System suitability: Reference solution (c):

— the chromatogram shows 2 clearly separa-
ted spots.

Results: the principal spots in the chromato-
gram obtained with Test solutions (a, b) are simi-
lar in position, color and size to the principal spots
on the chromatogram obtained with Reference
solutions (a, b, c, d).

B Conclusions

As a result of the studies conducted, “green
conditions” for identifying amino acids (glutamic
acid, glycine), as well as ascorbic acid in a com-
bined medicine by thin-layer chromatography and
high-performance thin-layer chromatography me-
thods have been selected. The validation charac-
teristics of the method (specificity, robustness and
precision) have been studied.
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