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The presented dissertation follows the generally accepted structure and contains a title
page, table of contents, introduction, literature review, discussion of own results, experimental
part, main scientific contributions of the dissertation and list of references. Information on
scientific publications on the topic of the dissertation, other scientific articles, scientific
conference reports, printed in full text and participation in international conferences is also
provided. A list of abbreviations is included for the readers’ convenience. The total volume of
the dissertation is 103 pages. Thirty-four pages are devoted to the review on the state-of-the
art. The obtained results are discussed on 30 pages, and the experimental part covers 14
pages. The scientific information presented in the dissertation is illustrated with numerous
diagrams and 16 tables. 328 literary sources have been cited.

The topic of the dissertation is in the field of organic synthesis, and specific reactions of
phosphorylated allenes, particularly reactions of nucleophilic addition of alcohols and amines
and catalyzed carbocyclization, have been investigated. This is an extremely specific field that
requires in-depth knowledge of organic synthesis and the rich chemistry of phosphorus,
knowledge on the application of analytical methods and techniques to prove the composition
and structure of chemical compounds. The relevance of the topic is pointed in the dissertation
itself. It is indicated that there is an increased interest in the chemistry of phosphorylated allene
derivatives with a view to the synthesis of biologically active substances. | would add that
striving for the synthesis of new molecules is not just curiosity, but a deep knowledge of the



properties of substances, their structure and reactivity. The accumulation of this knowledge is
necessary to control and direct chemical interactions and processes to the desired products.

Methods for the synthesis of phosphorylated allenes are presented in the overview
chapter of the dissertation. In recent years, the [2,3]-sigmatropic rearrangement of propargyl
compounds has been considered as one of the most studied methods for obtaining
functionalized allenes. The thesis reveals how the knowledge of this important intramolecular
isomerization is being increased, the mechanism by which it occurs has been elucidated. The
stereospecificity of the rearrangement is the major advantage for its application. It has been
indicated that during the interactions of alkynols with phosphorus trichloride, o-acetylene
dichlorophosphites are obtained, which, as a result of [2,3]-sigmatropic rearrangement, are
converted into dichlorides of allenephosphonic acids - reactive starting substances for the
synthesis of various compounds - esters, acids , phosphine oxides, etc.

The next section of the state-of-the-art review is devoted to nucleophilic addition
reactions to 1,2-alkadienephosphonates and 1,2-alkadienephosphine oxides. Examples of the
nucleophilic addition of sodium azide, monoacylhydrazide, hydroxylamine, hydrazine, and
primary amines have been presented. Nucleophilic addition of alcohols and amines to
phosphorylated allenes leads to compounds which, after treatment with acid, give derivatives
of B-ketophosphonates. In a separate section, carbonylation reactions involving allene
derivatives in the presence of catalysts have been also presented. Special attention has been
paid to the Pauson-Khand reaction, which is a [2 + 2 + 1] cycloaddition - compounds
containing a triple bond and a double bond and carbon monoxide form cyclopentenone. The
reaction conditions and the influence of substituents on the regioselectivity of the reaction have
been reviewed, as well as the application of various metal catalytic systems, including Co, Rh,
Ru, Ti and other metals - prerequisites that make the reaction a promising and effective
method in the design of molecules containing cyclic fragments. The Pauson-Khand
intermolecular reaction underwent development with the application of the so-called substrate-
controlled approach. By using reagents with easy leaving groups, higher rates were achieved,
as well as improved diastereoselectivity, complete regioselectivity, and good yields when
reacting with molecules with terminal triple bonds. The use of allenes in the Pauson-Khand
reaction began just over two decades ago. The intramolecular Pauson-Khand reaction of
allene derivatives has been applied to the synthesis of medium-sized rings, condensed
aromatic structures, cyclohexanes or p-lactams. Allenes can also participate in an
intermolecular Pauson-Khand reaction as an alkene partner. The dissertation presents
extensive information on the development of the Pauson-Khand reaction - studying the
interaction mechanism, the influence of the catalyst, expanding the range of substrates, as well
as its application for the synthesis of biologically active substances.

A thorough review of the methods for the synthesis of phosphorylated allenes, their
properties and the development of the Pauson-Khand reaction shows that the PhD student has
put a lot of effort into absorbing a wide range of theoretical knowledge, structuring and
summarizing a huge amount of information, which is evident from the numerous schemes and
compounds present in the overview chapter of the dissertation.

The last part of the state-of-the-art chapter is devoted to a brief review of the biological
activity of 1,2-alkadienephosphonates, as well as a-aminophosphonates, which are amino acid
analogues and exhibit diverse biological activity, including as inhibitors of enzyme activity.

The PhD student has summarized the information from the literature review and has
formulated the aim of the dissertation research, namely: study of 1,2-alkadienephosphonates
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and phosphine oxides in reactions of nucleophilic addition, catalyzed carbocyclization and
study of the biological activity of newly synthesized compounds. Four tasks have been set,
through the implementation of which, the goal will be achieved.

The experimental work carried out includes a huge number of synthetic experiments,
carrying out reactions in an inert atmosphere and at low temperatures, purification of the
obtained products and their analysis. It is a complex process that requires the development of
specific skills and knowledge, organization and consistency during the investigation. As a
result of this serious work, 22 new compounds were obtained, which is undoubtedly a success
for the dissertation research and for the PhD student.

The first topic of the research were the reactions of catalyzed addition of propargyl
alcohol to 1,2-alkadienephosphonates and 1,2-alkadienephosphine oxides. For this purpose,
the doctoral student synthesized the starting compounds that contained an allene structure:
dimethyl(3-methylpenta-1,2-dien-1-yl)phosphonate, dimethyl(3-methylpenta-1,2-dien-1-
yl)phosphinoxide, methyl-N,N-diethyl(3-methylpenta-1,2-dien-1-yl)phosphoamidate derived
from penta-1,2-dienephosphonic acid dichloride, as well as (3-methylpenta-1,2-diene -1-
yldiphenylphosphine oxide, 3-methylbuta-1,2-dien-1-yl)diphenylphosphine oxide and buta-1,2-
dien-1-yldiphenylphosphine oxide. These compounds were numbered in the thesis from 1 to 6.
They were obtained in good vyields in the range of 75% - 84%. The elemental phosphorus
content was determined with a very good relation of theoretical content to the experimentally
determined value. The compounds were characterized using infrared (IR) spectroscopy as well
as nuclear magnetic resonance (NMR) spectroscopy. The chemical shift values in the *H and
3P NMR spectra of the compounds were assigned to the respective group or structure. The
fine structure of the signals and the values of the spin-spin interaction constants were used to
prove the structure. Characteristic bands in the IR spectra of the obtained products are
reported.

The reactions of compounds 1 to 4 with propargyl alcohol were investigated in the
presence of a catalyst zinc trifluoromethane sulfonate and triethyl amine in a toluene solution
under heating (boiling the solvent) and in an inert atmosphere. The products were mixtures
(designated from 7 to 14) resulting from 1,2- or 2,3-addition of propargyl alcohol. Treatment of
these mixtures with hydrochloric acid afforded the B-ketophosphonate derivatives (15-18) in
yields ranging from 78% to 85%. The compounds were characterized by IR and NMR spectral
analysis.

The next stage of the dissertation research included study on the addition reactions of
benzyl amine and 2-aminopyridine to 1,2-alkadienephosphonates and 1,2-alkadienephosphine
oxides with the main goal of obtaining biologically active molecules. The thesis substantiates
the choice of the relevant partner reagents - on the one hand, unexplored combinations of
molecules in the studied reactions of nucleophilic addition, and on the other - the targeted
preparation of products with a specific fragment, which are expected to have an inhibitory
effect on cell proliferation or another type of biological activity. When the above reactions were
carried out under heating (at the boiling temperature of toluene used as solvent), only 2,3-
addition products were obtained as a mixture of E- and Z-tr-diastereomers. This was an
example of tailoring the reaction by changing the reaction conditions to a specific product. The
reaction products (19-22 in 1,2-addition and 23-26 in 2,3-addition) were isolated in good yields
over 65-70%, characterized by elemental analysis, IR and NMR spectroscopic techniques.

1,2-Alkadiene phosphonates and 1,2-alkadiene phosphine oxides designated as 1, 2, 3
and 5 were used in 2-aminopyridine addition reactions. The reactions were carried out at room
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temperature, in an inert atmosphere for 24 hours and in the absence of solvent. The adducts
had a C=N double bond and were isolated as crystalline products. The same characterization
techniques were applied.

Deserved attention has been devoted to studying the Pauson-Khand reaction involving
1,2-alkadienephosphonates and 1,2-alkadienephosphine oxides. The doctoral student carried
out for the first time the cycloaddition catalyzed by a cobalt complex, in which phosphorylated
allenes were used as an alkene reagent. Synthetic protocols were developed for carrying out
the reaction involving the dimethyl ester of penta-1,2-dienephosphonic acid (1), as well as the
diphenyl-1,2-alkadienylphosphine oxides 4 and 6. The corresponding phosphorylated
derivatives of cyclopent-2-en-1-one (products 31 to 36) were obtained. These new compounds
were also characterized by elemental analysis, IR and NMR spectroscopy. It was concluded
that when using 1,2-alkadiene phosphonates and phosphine oxides as an alkene component
in the Pauson-Khand reaction, the reaction proceeded according to the generally accepted
mechanism for this reaction.

The last task set in the dissertation research was the identification of those newly
synthesized compounds that possessed biological activity. For the biological tests, three -
iminophosphonates (27, 29 and 30) and two -aminophosphonates (19 and 21) were selected
depending on their solubility in a medium suitable for the experiments. Tests were performed
to determine the root growth inhibition effect of Triticum aestivum L. (wheat) as an assessment
of the overall toxicity of the tested compounds. All substances showed a concentration-
dependent inhibitory effect and the effective concentrations (EC 50) that caused a 50%
reduction in root length compared to the control (distilled water or added 0.40 pg/ml MeOH)
were determined. B-Aminophosphonate 21 was found to have the most pronounced inhibitory
effect with a determined EC 50 value equal to 140 ug/ml.

Test were also performed to clarify the influence of the selected compounds on the rate
of cell division in the root meristem cells of Allium cepa (onion). The obtained data show
inhibition of cell proliferation when treated with two of the compounds - 29 and 30, with a
stronger effect exhibited by -aminophosphonate 30, which completely inhibited cell division.

In vitro tests were also carried out on a cell culture from the human fibrosarcoma cell
line HT 1080 to evaluate the cytotoxicity of the newly synthesized B-aminophosphonates.
These tests confirmed that compound 30 exhibited a significant cytotoxic effect - suppressing
the cell viability of almost 98% of the cells at a concentration of 300 mg/ml compared to the
control. The same compound induced early apoptosis in 65.61% of the cells of the HT 1080
cell line. It has been suggested that the presence of aromatic structures - two phenyl rings at
phosphorus and an aminopyridine fragment at the 2nd position was the combination of
structural elements responsible for the essential biological activity of (3-methyl-2-(pyridin-2-
ylimino)butyl)diphenylphosphine oxide (30).

The presented dissertation represents a completed research that includes creating
synthetic protocols for obtaining new compounds, finding reaction parameters to direct the
synthetic process to a specific product, purifying and isolating the reaction products,
elucidating and proving their composition and structure, as well as evaluation of key properties
with a view to future application. The contributions of the research are brought out by the
doctoral student in nine points. From the point of view of the set goal and tasks of the
dissertation research, the PhD student worked and presented results on the four tasks, the
obtained experimental data were discussed, and consistency with results obtained by other



research groups was sought, as well as the relationship between structure and properties was
found. | would highlight the following contributions of the dissertation work:

- the knowledge of the reactivity of phosphorylated allenes (1,2-alkadienephosphonates
and 1,2-alkadienephosphine oxides) in nucleophilic addition reactions has been enriched,;

- the use of 1,2-alkadienephosphonates and 1,2-alkadienephosphine oxides in the
Pauson-Khand reaction for the preparation of complex cyclic molecules was demonstrated;

- the preparation of 22 new organophosphorus compounds not described in the
literature, as well as the establishment of the antitumor activity of (3-methyl-2-(pyridin-2-
ylimino)butyl)diphenylphosphine oxide (product 30).

| have the following remarks, recommendations and questions regarding the dissertation
thesis:

- In general, the dissertation thesis is structured, but in some places the "narrative" is
fragmented. For example, on page 20 there are five sentences and each sentence is a
separate paragraph.

- Vague, inappropriate word combinations are encountered, some of which are probably
due to imprecise translation. For example, on page 37 it says "A mechanism for the
stoichiometric reaction proposed by Magnus et al. in 1985 is still the generally accepted
working mechanism." Similarly, on page 39 the third paragraph dealing with a-
aminophosphonic acids is carelessly written;

- Repetitions of whole sentences and series of sentences are noticed, which should be
avoided

- Only part of the schemes are numbered and named, but they are not mentioned in the
text. It's the same for tables. There are 12 tables in which data from NMR spectra, IR spectra,
and elemental analysis are included and are not mentioned anywhere in the text. Then it starts
again numbering from Table 1. But this is the minor issue. The headings of all 12 tables
contain inaccuracies, as do the names of some of the columns, and these inaccuracies have
been transferred from table to table. For example, even-numbered table names are "Constants
and IR Spectral Data for Compounds ...". The tabled do not contain values of constants.

- The entire thesis is unformatted to avoid blank spaces and the general impression of
disorganization arises;

- The thesis describes the data from the IR and NMR spectral analysis, and no spectra
have been included. | understand that the thesis describes the preparation of 36 products,
which means a huge number of spectra, but it would be possible to give the spectra of
selected products to illustrate visually the spectral changes when obtaining a series of
derivatives. This would not only facilitate the reader, but also enrich the dissertation itself.

In connection with the performance of the Pauson-Khand reaction with the participation of
penta-1,2-dienephosphonic  acid dimethyl ester (1), as well as diphenyl-1,2-
alkadienylphosphine oxides 4 and 6, six cyclic compounds were described as reaction
products, i.e. each reaction experiment gives two regioisomers in commensurate amounts. But
the Pauson-Khand reaction mechanism presented on page 64 illustrates the synthetic rout tof
only one regioisomer. Since the regioselectivity of the reaction for the systems studied was not
commented upon, | would ask for comment on the possibility of achieving regioselectivity when
using allenes in the Pauson-Khand reaction.

The results of the dissertation work have been included in three articles published in
Acta Scientifica Naturalis (edition of Episkop Konstantin Preslavsky University), Comptes
rendus de I'"Académie bulgare des Sciences (edition of BAS, referenced in Scopus and in 2020
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the journal was in the Q2 category) and in the Journal of Applied Pharmaceutical Science
(published by Open Science Publishers LLP, the journal is referenced in Scopus and in 2021
in the field of "Pharmacology, Toxicology and Pharmacy" is in the Q2 category). In addition,
results of the dissertation research have been reported at 4 national conferences (with papers
printed in full text) and at 2 international scientific forums. Two citations of the paper published
in the Journal of Applied Pharmaceutical Science were noted.

An abstract in Bulgarian and English has been presented. The abstract presents the
goals and objectives of the dissertation research, as well as reflects the results and
contributions of the conducted research.

Conclusion:

The presented dissertation is a systematic research with a synthetic orientation, but it
also has an interdisciplinary character. The set goal and specific tasks, the experimental
solutions, the interpretation of the results and the contribution to the chemistry of the
phosphorylated allenes, are the basis to give my positive assessment of the dissertation work.
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