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More than 150 years ago, the possibility of the existence of the
structure of allenes in the context of the tetrahedral model of the carbon atom
was predicted by J. H. van't Hoff. The stability of such structures has been
questioned, which is why for a long time allenes were considered one of the
chemical curiosities. Nowadays, the situation has changed radically, and the
chemistry of allenes has been one of the most rapidly developing areas of
organic chemistry in the last 35-40 years. Proof of this is the large number of
monographs and review articles devoted to scarlets and their reactions.

Research in this area stimulates the development of theoretical
organic chemistry and organic synthesis by obtaining new products interesting
from a synthetic and applied point of view.

Today, more than 150 natural compounds containing an allene
fragment in their molecules are known, exhibiting a wide range of biological
activity. In addition, there is increasing interest in the synthesis of various
substances containing allene fragments and the study of the possibilities of
their application as pharmaceutical products.

Unsaturated organophosphorus compounds are often available for
studying the influence of the phosphorus part on the reactivity of compounds
with complex bonds in their molecules. The accessibility of methods for the
synthesis of unsaturated organophosphorus compounds has made them a very
interesting object for research. A special place among them is occupied by
phosphorylated allene hydrocarbons, which are easily obtained on the basis of
alkyne-allene isomerization of alkyne phosphites.

The presence in the molecule of these compounds of a system of
double bonds located in different planes, as well as a phosphoryl group,
allowed to accumulate a rich synthetic material in a short time, which

undoubtedly contributed to the general knowledge of the chemistry of



organophosphorus compounds. The numerous studies, the subject of which is
the chemistry of these compounds, confirm their universality as convenient
precursors for the synthesis of a wide variety of products with practical
properties.

The unique position of phosphorylated allenes in the order of other
unsaturated organophosphorus compounds and in the order of substituted
allene hydrocarbons is determined by the mutual influence of the phosphorus-
containing fragment and the distant double bond.

The peculiarities of the electronic structure of the phosphorylated
allenes, causing their increased reactivity, both with regard to electrophilic and
nucleophilic reagents, makes them extremely useful as substrates in the study
of the phenomenon of biphilicity.

Varying the substituents on the phosphorus atom and on the allene
system allows changing the reactivity of both the oxygen atom of the
phosphoryl group and the two double bonds. This, in turn, represents a very
good opportunity for selective activation of the various reaction centers in the
molecule, leading to a significant increase in the synthetic potential of these
compounds.

Their special structure allows their participation in both electrophilic
and nucleophilic addition reactions, carbocyclization, cycloaddition and many
others.

With few exceptions, nucleophilic addition reactions with allenic
hydrocarbons, in general, and phosphorylated allenes, in particular, proceed
with an initial attack of the nucleophilic reagent on the central carbon atom of
the allenic double bond system. The type of final products depends strongly on

the type of nucleophilic reactants and on the reaction conditions.



Research in the field of functionalized allenes and, in particular,
phosphorylated allene compounds, related to the creation of accessible and
selective synthesis methods and the study of their reactions with nucleophilic
reagents, as well as in carbonylation reactions, becomes an interesting and

topical task.

To achieve this goal, the following tasks were set:

1. Study of 1,2-alkadienephosphonates and phosphine oxides in
catalytic nucleophilic addition reactions of propargyl alcohol.

2. Creation of a synthetic protocol for the synthesis of several
biologically active compounds based on the reaction of nucleophilic addition
of nitrogen-containing nucleophilic reagents to 1,2-alkadienephosphonates
and phosphine oxides.

3. Study of the reactivity of 1,2-alkadienephosphonates and phosphine
oxides as substrates in the Pauson-Khand reaction.

4. Investigation of the cytotoxic activity of the synthesized

organophosphorus compounds.

1. Nucleophilic addition reactions to 1,2-alkadienephosphonates

and 1,2-alkadienephosphine oxides

1.1. Reactions of catalyzed addition of propargyl alcohol to 1,2-

alkadienephosphonates and 1,2-alkadienephosphine oxides

In completion of the above objectives of the present study, as well as

provoked by the renewed interest in the reactions of nucleophilic addition to
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phosphorylated allenes observed in the literature review, we studied the
reaction of nucleophilic addition of propargyl alcohol to 1,2-
alkadienephosphonates and 1,2-alkadienephosphine oxides. The literature
review, as well as previous published results of the group of elemental
chemistry under the leadership of Prof. D. Enchev, show that the mentioned
reactions of nucleophilic addition of alcohols and amines to phosphorylated
allenes occur with attack of the nucleophilic reagent on the central carbon atom
of the allenic system of double bonds. The resulting compounds, after acid
treatment, were smoothly transformed into N-ketophosphonate derivatives.
The reactions, in the case of alcohols as nucleophilic reagents, take place with
the participation of a catalyst - usually an alkaline alcoholate. In the case of the
use of amines as nucleophilic reagents, a catalyst is not required. Publication
of other authors shows that the use of propargyl alcohol as a nucleophilic
reagent and zinc trifluoromethanesulfonate (CF3S0O3),Zn as a catalyst produces
various cyclic organophosphorus compounds. This led us to apply the synthetic
protocol described by these authors using pental,2-dienephosphonic acid
dimethyl ester 1, N, N-dialkylamino-O-methyl-penta-1,2-dienephosphonic
acid 2, dimethyl-penta-1,2-dienephosphine oxide 3 and diphenyl-penta-1,2-

dienephosphine oxide 4.

The selection of these starting 1,2-alkadienephosphonates and
alkadienephosphine oxides was dictated by our desire to cover a wider range
of 1,2-alkadienephosphonates and 1,2-alkadienephosphine oxides while

studying the effect of phosphorus substituents on the direction of the reaction.

In turn, the dichloride of penta-1,2-dienephosphonic acid was isolated
as a result of the alkyne-allene isomerization of alkynyl phosphite obtained by
the reaction of phosphorus trichloride and 3-methylpent-1-yn-3-ol. The

reaction proceeds according to the following scheme:
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The starting 1,2-alkadienephosphonates and 1,2-
alkadienephosphinoxide derivatives 1-6 were synthesized by us immediately
before their study in the above-mentioned reaction of catalyzed nucleophilic
addition of propargyl alcohol, according to methods described in the literature
120-124. For example, dimethyl(3-methylpenta-1,2-dien-1-yl)phosphonate 1
is obtained by the reaction of penta-1,2-dienephosphonic acid dichloride with
two equivalents of methyl alcohol in the presence of an organic base and in a

medium of inert solvent.

. Me  2MeOH . <

Et
ClzP\ Et CsHsN (MeO),P
1
\o \0

Me

Dimethyl(3-methylpenta-1,2-dien-1-yl)phosphine oxide 2 was
synthesized from the same starting compound, penta-1,2-dienephosphonic
acid dichloride, and two equivalents of methylmagnesium iodide in an inert

solvent.

Me

| /_._4\“"9 2MeMgl /_'_ﬂ/
CZP\O Et MezP\ 5 Et
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Methyl N,N-diethyl-P-(3-methylpenta-1,2-dien-1-yl)phosphoamidate
3 was obtained from the same starting compound, penta-1,2-dienephosphonic
acid dichloride, when interacing with methanol and triethylamine in the

presence of an organic base and in an inert solvent medium.

<Me ihéfﬁﬂ EtsN Me
° - =2 » =13 .‘ﬂ/
CIZP/\ Et CsHsN MeO\P/\ £
3
\o EtZN/ \o

In the preparation of compounds 1-3, the high reactivity of the two
chlorine atoms at the phosphorus of penta-1,2-dienephosphonic acid dichloride
in nucleophilic substitution reactions was used.

(3-Methylpenta-1,2-dien-1-yl)diphenylphosphine  oxide 4 was
prepared by adding a solution of diphenylchlorophosphine to 3-methylpent-1-
yn-3-ol and triethylamine in diethyl ether at =70 °C with post-treatment of the

reaction mixture.

Me

Me Ph,PCI
e~

Ph,P.
Et EtsN ’ \\\ 4 &

o

Compound 5 was obtained as to a solution of a mixture of 2-methylbut-3-yn-
2-ol and triethylamine in diethyl ether at =70 °C is added a solution of
diphenylchlorophosphine in the same solvent with continuous stirring. The
reaction mixture was stirred for another hour under the same conditions and 8
hours at room temperature. The mixture was then treated successively with
water, 2 N HCI, extracted with diethyl ether, the extract was treated with

saturated NaCl solution and dried over sodium sulfate. The solvent was then



removed under reduced pressure (vacuum evaporator) and the residue was

purified by column chromatography (Kieselgel Merck 60 F254).

Me Ph,PCI Me
= </ OH —  » / ¢ :

ve  EGN F’“2':\\\0 5 Me

Compound 6 was obtained as to a solution of a mixture of but-3-yn-2-ol and
triethylamine in diethyl ether at —70 °C is added a solution of
diphenylchlorophosphine in the same solvent with continuous stirring. The
reaction mixture was stirred for another hour under the same conditions and 8
hours at room temperature. The mixture was then treated successively with
water, 2 N HCI, extracted with diethyl ether, the extract was treated with
saturated NaCl solution and dried over sodium sulfate. The solvent was then
removed under reduced pressure (vacuum evaporator) and the residue was

purified by column chromatography (Kieselgel Merck 60 F254).

Ph,PCI Me
Me 2 ° e
= /[ —~-0H ——m> h
= Ph,P.
Et;N "N\ 6

Table 1. Some H-NMR data and 3P data for compounds 1-6
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Ne R R R? R® Chemical shift Spin-Spin interaction sip

allene NMR
(8/ppm) (H2) (8/ppm)
H R R* R? R® H-P MeO- Me- EtoN-
P P P
1. MeO MeO Me Et 5.52 3.39 17 2.0;0.91 259 10.9 17.1
2. Me Me Me Et 4.65 1.76 1.7 1.68;0.89 25.9 16.6 17.6
3. MeO Et:N Me Et 4.65 3.39 17 2.39;1.00 1.68;0.89 259 10.09 7.2 16.9
4. Ph Ph Me Et 593 7.49;7.25 17 2.0;0.99 259 313
5. Ph Ph Me Me 5.74 7.49;7.25 2.18 25.9
6. Ph Ph Me H 5.8 7.49;7.25 1.93 5.13 259 31.0
Table 2. Constants and IR spectral data for compounds 1-6

Ne Yield(%) Formula Calculated(%) Found(%) IR cm*

1 78 CgHis03P P 16.28 P 16.09 1980(c-c-0), 1256(-0,980 (-0C)

2 81 P17.38 P 17.29 1988(c-c-0), 1238(-0),980 (p-0-C)

3 84 CyH1702NP P 15.32, N 6.92 P 15.30, N 6.89 1980(c-c-c),1238r=0),980(p-0-c)

4 79 CigH190P P 10.97 P10.7 1178p-0),1493 (1), 1948 c-c=c)

5 80 Ci7H170P P11.54 P11.28 1178(p=0),1493pn),1950(c=c=c)

6 75 CiH150P PI2.18 P 12.07 1178(p-0), 1493, 1950,c-c-c)

In

nucleophilic

addition

reactions to 3,3-disubstituted-1,2-

alkadienephosphonates, four products can generally be obtained:
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In the interaction of 3,3-disubstituted-1,2-alkadienephosphonates and
phosphine oxides with nucleophilic reagents, the initial attack takes place on
the central sp hybridized carbon atom, which, due to the influence of the
phosphorus part, appears to be the most electrophilic. Inferences about the
structure of the addition products were made based on the results of their
ozonation, oxidation, and hydrolysis.

The addition of alcohols is always accompanied by the use of catalysts
— usually alkali alcoholates. The reactions proceed vigorously with a
significant thermal effect and yields of the order of 60-80%.

When oxidizing the product of adding ethyl alcohol to diethyl ester of
3-methyl-1,2-butadienephosphonic acid with potassium permanganate, acetic
acid is isolated, and when ozonating the same product, acetone peroxide is
isolated. These results led to the exclusion of structures b and c as possible in
this reaction. In turn, hydrolysis of the dried product leads to the production of

[-ketophosphonate:
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This fact, together with the results of ozonation and oxidation
reactions, excludes the formation of a product of the nucleophilic addition
reaction with structure d. It is believed that the formation of structure a is more
advantageous from a thermodynamic point of view, since the coupling effect
of the two alkyl groups with the double bond exceeds that due to conjugation
of the phosphorus moiety with the double bond.

Analogous to the described reaction of addition of alcohols to 3,3-
disubstituted-1,2-alkadienephosphonates and phosphine oxides, the addition of
dialkyl phosphoric acids also occurs. The reactions here are also catalyzed by
alkaline alcoholates. Ozonation of the addition products proves their structure.

Unlike alcohols and dialkyl phosphoric acids, the addition of
diethylamine and piperidine occurs in the absence of catalysts. The reactions
proceed slowly and are accompanied by a small thermal effect.

The substrates were treated with propargyl alcohol in the presence of
the catalyst zinc trifluoromethanesulfonate and triethylamine in a solution of
toluene at high temperature for 6-10 hours and in an inert atmosphere. The
progress of the reaction was monitored by thin layer chromatography and
spectral. As expected in all cases reaction mixtures 7-14 were obtained in the
infrared spectra is observed the disappearance of the characteristic band for the
allenic system at 1950-1980 cm and instead a band appears at 1640-1655 cm-
1, characteristic of a double carbon-carbon bond. At the same time, regardless
of the reaction time, the characteristic triple carbon-carbon bond band at 2000-

2012 cm™ is preserved. All the facts described above, as well as the fact that
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during the first two hours of the reaction an insoluble precipitate forms in the
selected solvent, speak against the mechanism of the studied reaction described
by other authors. Moreover, regardless of the position of the carbon-carbon
double bond in the molecules of compounds 7-14, their hydrolysis in all cases
leads to the formation of B-ketophosphonate derivatives 15-18. The data from
the IR spectral studies of compounds 15-18 show the absence of the
characteristic absorption band for the double carbon-carbon bond (1640-1655
cm), the lack of the characteristic absorption band for the triple carbon-carbon
bond (2000-2012 cm™*) and appearance of a characteristic absorption band for
the carbon-oxygen double bond at 1690-1710 cm™. The NMR spectra of
compounds 15-18 are also sufficiently indicative. For example, in compound
15 there are signals for methine proton and methylene protons, respectively at
3.29 (dt, 2JHH 5.8Hz, 1H (CH)) and 2.93 (d, 2JHP 11.9Hz, 2H (P-CHy)), along
with signals for the proton groups of the methyl and ethyl substituents, as well
as those of the protons of the phosphorus-substituted substituents: 3.39 (d,
3JHP 10.09Hz, 6H, (OMe)); 1.68 (g, 3JHH 7.0Hz, 3JHH 8.0Hz, 2H (CH.-
CHzs)); 1.46 (d, 3JHH 6.8Hz, 3H, CHCHz3)); 0.91 (t, 3JHH 8.0Hz, 3H, (CH.-
CHs)). The information thus obtained from the spectral studies does not

suggest any other course of the reaction than that shown in Scheme 1 below.

0 Z /// //
. ‘I‘?RRI M — o—

M HO — e\ 0 Me\
—— = (o /.
e Zn(0Tf),, Et;N \\ I /—\ i
toluene, 100°C E —— PRR! Et ——PRR!
Ar
1-4 7-10 11-14
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7,11,15 R=R!=MeO
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9,13,17 R=MeO, R’=Et,N
10,14,18 | R=R!=Ph

Scheme 1.

>_< i
Il
Ef

PRR?

15-18

Interaction of 1,2-alkadienephosphonates

and

alkadienephosphine oxides with propargyl alcohol catalyzed by zinc

trifluoromethanesulfonate - Zn(OTf)

Table 3. Some H-NMR data and %P data for compounds 15-18

O
(0]
R? |
PRR!
Re 15-18
Ne R R! R? R? Chemical shift Spin-spin interaction stp
NMR
(8/ppm) (Hz) (8/ppm)
CH2 R Rt R? R3 CHz MeO- Me- Et2N

P

p

P
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15. MeO MeO Me Et 293 3.39 1.68; 11.9 10.09 17.1
0.91

16. Me Me Me Et 2.50 1.76 1.68; 119 16.6 176
0.89

17. MeO Et:N Me Et 2.50 3.39 17 2.93; 1.68; 11.9 10.09 7.9 16.9
1.00 0.89

18. Ph Ph Me Et 2.50 7.29; 17 1.68; 11.9 17.0
7.05 0.89

Table 4. Constants and IR spectral data for compounds 15-18

Ne Yield(%) Formula Calculated(%) Found(%) IR cm?t

15 78 CsH1704P P 14.88 P 14.66 1720(c=0),1256=0),980¢-0-c)
16 84 Ci1H24NOzP P 12.42 P 12.30 1700(c=0), 1238p-0),980(p-0-c),
17 81 CsH170:P P 17.57 P 17.49 1708 (c=0), 1238 (p-0)

18 85 CosH210,P P7.37 P7.17 1698 (c=0), 1238 (p=0)

1.2. Benzylamine and 2-aminopyridine addition reactions to 1,2-

alkadienephosphonates and 1,2-alkadienephosphine oxides

In continuation of the research on the topic, we also studied the
possibilities of a selected group of 1,2-alkadienephosphonates and
alkadienephosphineoxides derivatives in nucleophilic addition reactions with

nitrogen-containing nucleophilic reagents.

The aim of this study was, on the one hand, to find additional data on
the mechanism of nucleophilic attachment of N-nucleophilic reagents to
phosphorylated allenes, and, on the other hand, the synthesis of bioactive
compounds. A review of the literature on this subject has shown that there are
some recent publications that deal with the study of the reactivity of aromatic
amines in nucleophilic addition reactions to phosphorylated allenes, as well as

with the study of the biological activity of the obtained products.

15




The interaction of 1,2-alkadienephosphonates and phosphine oxides
with primary and secondary amines has been sporadically studied during the
years. Critical analysis of the literature data shows that depending on the type
of amine, as well as depending on the applied synthetic protocol, products with
different structure are isolated. For example, when using aliphatic amines in
reaction with dialkyl esters of 1,2-alkadienephosphonic acids or with 1,2-
alkadienylphosphine oxides, a mixture of 1,2- and 2,3-adducts is isolated, in
both cases in the form of E and Z diastereomers as well as the corresponding
B-imino isomers. When using aromatic amines or amines having aromatic
substituents, only a mixture of 1,2- and 2,3-adducts is obtained in both cases
in the form of E and Z diastereomers. The reaction temperature also has an

effect on the preparation of the various products.

On the other hand, data from the literature show that the presence in
small molecules of a fragment of benzylamine or tyramine (4-hydroxy
phenethylamine) leads to significant values of the biological activity of these

molecules and their likely use as anti-melanoma drugs.

It is well documented in the world scientific literature that complex
structures involving a 2-aminopyridine motif have been shown to be effective
antitumor, anti-Alzheimer's, antidiabetic, antimicrobial, antiviral, analgesic,
anti-inflammatory, antiparasitic, antimalarial and antihistamine drugs. Such
structures have also been shown to possess the properties of reinhibitors such
as n-NOS inhibitors, CXCR1 / 2 inhibitors, JNK1 inhibitors, PKC inhibitors,

Syk inhibitors, and to have an effect on cardiac activity.

All these facts gave us a reason to study the reaction of nucleophilic
addition of benzylamine and 2-aminopyridine to 1,2-alkadienephosphonates

and 1,2-alkadienephosphine oxides. The substrates selected by us until the time
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of our study were not studied in the mentioned nucleophilic addition reaction.
The choice of nucleophilic reagents, namely benzylamine and 2-
aminopyridine, was dictated by the ability to study the influence of the type of
nucleophilic reagent on the direction of the reaction, on the one hand, and by
the possibility of synthesizing new bioactive small molecules. On the other
hand, the fact that the reaction temperature influences the direction of the

reaction gave us a reason to apply a specific synthetic protocol.

Addition reactions of benzylamine to 1,2-alkadienephosphonates
and 1,2-alkadienephosphine oxides

1,2-Alkadienephosphonates and 1,2-alkadienephosphine oxides 1-4
reacted with benzylamine at room temperature without the presence of a
solvent, with stirring and in an inert atmosphere for 24 hours. The development
of the reaction is monitored spectrally and by thin layer chromatography. To
end the reaction is considered to be the complete disappearance of the
characteristic absorption band for the allene chromophore at 1950-1980 cm™,
as well as the more significant change in the physical state of the reaction
mixture. In all cases studied, crystalline products were isolated. Compounds

19-26 were purified by recrystallization.
The reaction proceeds according to the following scheme:

Bn Bn

] NH N
NH
MK PRR! BnNH, Me\ / Me\
) — . o . /
Et RT \ I =
Et/ — PRR! Et/ N I[LRRl
14 19-22 23-26
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1,19,23 R=R=MeO
2,20,24 R=R'=Me
3,21,25 R=MeO, R*=Et,N
4,22,26 R=R'=Ph

Scheme 2. Interaction of 1,2-alkadienephosphonates and 1,2-

alkadienephosphine oxides with benzylamine and 2-aminopyridine

Table 5. Some H-NMR data and *!P data for compounds 19-22

Bn

N

R2 NH

NN

R3 PRR!
19-22

R* R? R® Chemical shift Spin-spin interaction sip
NMR

(8/ppm) (Hz'%) (8/pp
m)

c R RI RZ R H-P MeO- | MeP | Et
He pie2z N-

MeO Me | Et 40 | 3.70 | 1.40 1.68;0.91 22.6 12.2 25.44
23.1

Me Me | Et 40 | 093 | 140 1.68;0.89 22.6 16.6 26.48
23.1

Et:N Me Et 4.0 3.40 2.59;1.0 22.6 10.25 7.2 28.33
2 ;26.4

Ph Me | Et 40 | 7.19 1.40 (1.68;0.89) 226 28.98
;7.8 ;26.8

Table 6. Constants and IR spectral data for compounds 19-22

Yield(%) Formula Calculated(%) Found(%) IR cm?*

18




19

65 CisH2303NP N 4.72; P 10.45 N 4.65; P 10.34 1215p=0,1053p.0-c,1643c=c,1495

ph,1589N-H, 329 =c-H

20 75 Ci5H2,0NP N5.31; P 11.76 N5.19; P 11.53 1217p=0,1582n-1,1602c=c,1490 pn,
3292-cn
21 70 Ci18H3002N2P N83;P9.18 N7.98,P93 1209-=0,1045p.0.¢,1589N-+,1475pn,

1690c-c,3100-c.H

22

69 Cas5H270ONP N 3.60; P 7.97 N 3.47,P 7.76 1155 p-0,1643c=c,3223-c-+,1556 n-H,

1436-14523pn

Spectral studies of the reaction mixtures showed in all cases the
disappearance of the characteristic band for the allenic system at 1950-1980
cm and was replaced by a band at 1640-1655 cm-!, characteristic of the double
carbon-carbon bond, which is an indication of complete conversion of the
starting 1,2-alkadienephosphonates. The preparation of compounds 19-26 was
proved spectrally. For example, in the IR spectrum of compound 19,
characteristic bands were observed for the phosphoryl group at 1215 cm™ P =
O, for the double carbon-carbon bond at 1643 cm™ C = C, for the phenyl group
at 1495 cm™ Ph, and for the nitrogen-hydrogen bond at 1589 cm* NH. In the
'H NMR spectrum of the compound, signals for protons from the individual
groups at 1.68 (q, 3JHH 7.0Hz, 3JHH 8.0Hz, 2H (CH>-CH3)) and 0.89 (t, 3JHH
8.0Hz, 3H, (CH,-CH3)) were presented. ) - for protons from the ethyl
substituent, at 1.40 (d, 3JHH 6.8Hz, 3H, CHCH3)) - for the methyl substituent
and at 3.09 (t, 2JHH 5.8Hz, 1H (CH)) - for the methine proton. There are also
signals at 3.70 (d, 3JHP 12.2Hz, 6H (CH30) - for the protons of the two

19




methoxy groups at the phosphorus atom, as well as signals at 3.76 (s, 1H, NH)
- for the proton at the nitrogen atom and at 7.49 - 7.25 (m, 5H, arom.) - for the
protons of the aromatic nucleus. Another particularly important group of
signals refers to the methine protons at the phosphorus atom, as well as to the
protons from the methylene group at the nitrogen atom, namely 4.00 (d, 1H,
2JHP 22.6 Hz, Z-CH, olefin), 4.22 (d, 2H, 3JHH 5.0Hz, Z-CHy), 4.29 (d, 2H,
3JHH 6.5Hz, E-CH>), 4.41 (d, 1H, 2JHP) 17.5 Hz, E-CH, olefin).

In the *3C NMR spectrum there are signals for the respective carbon
atoms, namely 19.85 and 18.93 (E and Z CHs-CH); 11.88 and 11.75 (E and Z
CHs-CHy); 29.25 and 28.21 (E and Z CH3-CHy); 46.08 and 47.5 (E and Z-CHy-
N); 73.12 (Z-CH); 71.24 (E-CH), 126.93-130.9 (C-arom.). Significantly, in the
1P NMR spectrum, two distinct signals were observed at 25.44 (E) and 23.11

(2), respectively. The latter has been observed by other authors.

At the same time, proton signals from the ethyl moiety at 1.82 (m,
3JHH 10.0Hz, 2H (= C-CH2CH3)) were observed in the 1H NMR spectrum of
compound 23; 0.89 (s, 3H, (= C-CH2CHz5)) and for the methyl substituent at
1.51 (s, 3H, (= C-CHjy)). Signals were also observed for the protons of the
methylene group at the phosphorus atom at 2.25 - 2.53 (m, 3H, CH2-P and
NH), as well as for the protons of the two methoxy groups at 3.39 (d, 3JHP
11.25Hz, 6H (2xOCHz3)). There are also signals for protons from the methylene
group at the nitrogen atom at 4.22 (d, 2H, 3JHH 5.0Hz, Z-CHy), 4.29 (d, 2H,
3JHH 6.5Hz, E-CHy), as well as signals for protons from aromatic nucleus at
7.19 - 7.80 (m, 5H, aromatic).

In the 3C NMR spectrum there are signals for the individual carbon
atoms 46.08 and 47.5 (E and Z-CH»-N); 126.93-130.9 (C-arom), with the
presence of a signal at 39.7 (d, 1JPC 68.8Hz (CH»-P)) relating to the carbon
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atom of the methylene group at phosphorus being particularly indicative. In

the 3P NMR spectrum, two separate signals were again observed at 32.05 (E)
and 20.04 (Z), respectively.

Table 7. Some H-NMR data and !P data for compounds 23-26

Bn\
R2 NH
ﬁ
RS PRR!
23-26
R R* R? R Chemical shift Spin-spin interaction 3P NMR
3
(8/ppm) (Hz) (8/ppm)
CHz R R R? R® MeO Me Et:N
P P | P
23. Me MeO Me E 225 3.39 1.51 1.82;0.89 11.2 32.05;30.04
o t 5
24, Me Me Me E 2.53 2.18 151 13. 31.77;28.98
t 0
25. Me Et:N Me E 253 3.88 2.89;1.0 151 1.82;0.89 10.5 7.2 33.70;30.67
(e] t
26. Ph Ph Me E 2.25 7.19;7. 151 1.82;0.89 31.60;29.22
t 8

Table 7. Constants and IR spectral data for compounds 23-26

Ne

Yield(%)

Formula

Calculated(%)

Found(%)

IR cm?
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23 | 35 Ci5H2303NP N4.72; P N 4.65; P 1215p=0,1053p-
10.45 10.34 0-¢,1643c=c,1495 pn,1589n-+
24 | 25 Ci5H220NP N5.31; P N5.19; P 1217p=0,1582x-
11.76 1153 +,1602¢=c,1490 pn,
25 30 CigH3002N2P N8.3;P9.18 N 7.98; P 1209p-0,1045p.
9.3 0-¢,1589N-H,1475ph, 1690c=c
26 31 CasH27ONP N 3.60; P N 3.47; P 1155
7.97 7.76 p=0,1643c=c,1556 -+, 1436-
14523pn

As already mentioned in the literature review, and also at the
beginning of this part, the direction of nucleophilic addition reactions to 1,2-
alkadienephosphonates and phosphine oxides, especially when using amines
as nucleophilic reagents, is strongly dependent on the temperature parameter
127 .For the purposes of biological tests, namely the preparation of compounds
with defined composition and structure, we carried out the above-described
reactions under heating and in solvent toluene, where the analysis of the spectra
showed the presence of only addition products along the 2,3-double bond as a
mixture of E and Z n-diastereomers. Our attempts to separate the latter have

not been successful.
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Bn
o

I
M PRR! BnNH, Me\
N/ ’ s
e toluene \\ I
reflux E — PRR!

1-4 19-22

NH

1,19 | R=R!=MeO

2,20 | R=R!=Me

3,21 | R=MeO, R'=EtoN

4,22 | R=R!=Ph

Scheme 2.1. Interaction of 1,2-alkadienephosphonates and 1,2-
alkadienephosphine oxides with benzylamine in solvent and upon
heating

I1. 1.2.2. Addition reactions of 2-aminopyridine to 1,2-
alkadienephosphonates and 1,2-alkadienephosphine oxides

1,2-Alkadienephosphonates and 1,2-alkadienephosphine oxides 1-4
were reacted with 2-aminopyridine at room temperature in the absence of
solvent, under stirring and in an inert atmosphere for 24 h. The development
of the reaction is monitored spectrally and by thin-layer chromatography. The
complete disappearance of the characteristic absorption band for allene
chromophore at 1950-1980 cm-1, as well as the more significant change in the
aggregate state of the reaction mixture, is considered the end of the reaction.
In all investigated cases, crystalline products were isolated. Compounds 27,
28, and 30 were purified by recrystallization followed by column

chromatography.
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Here, the reaction is carried out without solvent, without heating and

with the reagent 2-aminopyridine.

The reaction proceeds according to the following scheme:

/ |
0 AN
Ir|>RR1 Me " \N
2-AP
G N4
RT - / \
27,28,29,30
1,27 R=R!=MeO
2,28 R=R!=Me
3,29 R=MeO, R*=Et;N
5,30 R=R!=Ph

Il
—PRR!

alkadienephosphine oxides with 2-aminopyridin

Scheme 2.2. Interaction of 1,2-alkadienephosphonates and 1,2-

Table 9. Some H-NMR data and 3*P data for compounds 27-30

Ne

R

R2

R3

Chemical shift

Spin-spin interaction

31p

NMR
(3/ppm) (Hz) (8/ppm
)
CH R R* R? R® CH2-P MeO Me-P Et>
2 -P N-P
27. MeO MeO Me Et 22 3.7 14 1.68 12.25 12.2 27.35
5 ;0.8
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9
28. Me Me Me Et 3.6 2.0 1.32 3.03 12.37 26.16 16.31
3 ;1.0
6
29. MeO EtzN Me Et 3.6 3.4 2.5 1.4 1.68 12.37 10.25
91 ;0.8
02 9
30. Ph Ph Me Me 3.6 2.0 12.37 16.44
3
Table 10. Constants and IR spectral data for compounds 27-30
Ne Yield(%) Formula Calculated(%) Found(%) IR cmt
27 71 C13H2103N2P N 9.85, P 10.89 N 9.65; P 10.34 1155 p=o,
1033 po-c,
1693 c=n
28 75 Ci13H210N2P N 11.1; P 12.28 N 10.96; P 12.22 1155 p=o,
1693 c=n
29 70 C16H2sN302P N 12.9; P 9.51 N 12.68; P 9.26 1209 p-o,
1045 p.o-c,
1589 nov
30 75 C22H23N20P N 7.89;P8.73 N 7.66; P 8.55 1155 p=o,
1693 c=n

In the IR spectrum of compound 27, characteristic bands for both the
phosphoryl group at 1155 cm-1 P=0 and 1693 cm-1 C=N are observed, while
the carbon-carbon double bond band is absent. In the 1H NMR spectrum of the
compound along with the signals for the protons from the ethyl and methyl
substituent, respectively, at 1.68 (q, 3JHH 7.0 Hz, 3JHH 8.0 Hz, 2H(CH2-
CH3)); 0.89 (t,3JHH 8.0 Hz, 3H, (CH2-CH3)) and 1.40 (d, 3JHH 6.8 Hz, 3H,
CHCH3)), there are also signals for the protons from the methylene group at
phosphorus at 2.25 (d, JHP 12.25, 2H, CH2-P), as well as signals for a methine
proton at 3.09 (t, 2JHH 5.8 Hz, 1H(CH)), for the protons from the two methoxy
groups at the phosphorus and for the protons from the aromatic ring,
respectively at 3.70 (d, 3JHP 12.2 Hz, 6H(CH30) and 7.49 — 7.25 (m, 5H,

arom.).In the 13C NMR spectrum, the signals for the individual carbon atoms
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are present: 9.05, 18.8, 29.8, 42.21, 52.84, 109.35, 113.28, 138.12, 146.5 ,
155.0, 158.39. 31P NMR 27.35.

Based on our obtained results and literature data, we can propose the following
probable mechanism of our studied nucleophilic addition reaction to selected
1,2-alkadienephosphonates and phosphine oxides:

© 5
E-Nu
Nu
Nu. Me
- <—> RIRP, Ve
Et AN
N
Et +
E /PRRl E
o
Nu Me Nu
Me
E Et RIRP,
N\, e
/PRR] Et

R= R'=OMe; Me; Ph
R=OMe, R'= Et;N
E-Nu = C3H,0, BnNH,, 2-AP

As noted above, during the interaction of 3,3-disubstituted-1,2-
alkadienephosphonates and phosphine oxides with nucleophilic reagents, the

initial attack takes place on the central sp hybridized carbon atom, which, due
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to the influence of the phosphorus part, appears to be the most electrophilic.
The carbanion resulting from this attack is resonance stabilized. Subsequent
attack of the electrophilic component leads to the final products. The structure
of these products depends precisely on the direction of this second stage of the
reaction, which is strongly influenced by the reaction temperature and the
structure of the starting 1,2-alkadienephosphonates and phosphine oxides. The
literature data cited in the previous part, as well as our results, show that in the
majority of examples, the nucleophilic addition of amines to phosphorylated
allenes proceeds with an initial attack of the nucleophilic part of the reagent on
the central carbon atom of the allenephosphonate system of double bonds. For
example, diethyl amine and piperidine add to dialkyl-3-methyl-1,2-
butadienephosphonates with the formation of 1,2-addition products. Later,
1981 showed that this reaction formed an equilibrium mixture of 1,2- and 2,3-
addition products.

When studying the same reaction, but with primary amines, they isolated only

2,3-addition products.

1.3. Study of Pauson-Khand reactions involving 1,2-

alkadienephosphonates and 1,2-alkadienephosphine oxides.

Another no less important goal of the present study was the study of
1,2-alkadienephosphonates and 1,2-alkadienephosphine oxides as substrates in
catalyzed by transition metals cycloaddition reactions and especially in the

Pauson-Khand reaction.

The Pauson-Khand reaction (PKR), i. octacarbonyldicobalt-catalyzed
cycloaddition of alkyne, alkene and carbon monoxide has been proven over

the years as one of the most fruitful methods for the synthesis of cyclic five-

27



membered small molecules. It is well documented in the literature that allenic
hydrocarbons and their substituted derivatives may participate in this reaction

as an alkene component.

oc 0 gt
f
oc, o oc_ co ~Co?
OC—Co—=Co—C0 RN ool CO—CO— oC.
‘ —_— a.
oc /M co - % /“R oc”
Rr? Rr? -CO Rz oc
R’ R?

There are many studies on this topic involving substituted allenes, but
none of them deals with the study of phosphorylated allenes as substrates for
PKR. This was crucial in our choice to study phosphorylated allenes as
substrates for PKR. For example, dimethyl ester of penta-1,2-dienephosphonic
acid | reacted with an alkyne-hexacarbonyldicobalt complex in the presence of
N-methylmorpholine oxide NMO to give the corresponding phosphorylated-
4-alkylidenecyclopent-2-en-1-ones 31 and 32:

Ph Ph

O
Il NMO, CH,Cl, Me
Me, P(OMe) Coy(CO)——— . — —
AN / 2 T7 -20°Ctoroom o S 0
e ! (MeO),
Bt Ph 0=P(OMe), \\ £ Me
1 31 32

Scheme 3. Interaction of 1,2-alkadiene phosphonate and

alkadienephosphine oxides with alkyne-hexacarbonyldicobalt complex
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The selected synthetic protocol does not cause a reaction for use as a
substrate of diphenyl-1,2-alkadienylphosphine oxides 4, 6. Therefore, PKR
involving substrates 4, 6 was performed by isolating the previously obtained
hexacarbonyldicobalt complex, followed by the addition of the remaining

reagents, and by using a mixture of solvents - methylene chloride-

tetrahydrofuran:
o P Ph
NMO, CH,Cl,-THF
Me. "Pth s cocO) — T g R \_ . / \_
N_ _/ 20 C to room >_\ =0 T AN
P PhoP \ /\
Ph 0= PPh2 o Me R
4,6 R=Et,H 33,34 35,36

Scheme 4. Interaction of 1,2-alkadienephosphine oxides with

alkyne-hexacarbonyldicobalt complex

Table 11. Some H-NMR data and 3P data for compounds 31, 32

Ph Ph

R2

RRP,
\ R®

O=——=PRR* o} R?
31 32

Ne R R R? R? Chemical shift Spin-spin 3P NMR
interaction

(8/ppm) (H2) (8/ppm)
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H R R | R H-P | MeOP

3L Me MeO Me Et 3.87(7.61) 4.1 2.0 24511 225 12.2 17.6
o 1 5

32. Me MeO Me Et 6.68(7.26) 3.9 1.2 1.88;0.7 25.9 12.2 217
o 3 5

Table 12. Constants and IR spectral data for compounds 31,32

Ne Yield(%) Formula Calculated(%) Found(%) IR cmt

31 42 C17H2104P P 9.68 P9.34 1199p-0,1054p-0-¢,1620c-c,1699
c=0

32 53 C17H2104P P 9.68 P9.34 1215p=0,1053p.0-¢,1643c=c,1698
c=0

The synthesis of compounds 33-36 was proved after analysis of their spectral
characteristics. For example, in the IR spectrum of compound 33, the
characteristic bands for an allene system at 1950-1980 cm-1 are absent, and
those for a phosphoryl group at 1215 cm-1 P=0, for a carbon-carbon double
bond at 1535, 1683 cm are observed -1 C=C and for a carbon-oxygen double
bond at 1700 cm-1 C=0. The most characteristic signals in the 1H NMR
spectrum of the compound proving the proposed structure of 33 are those at
4.11(q, JHH 7.21Hz1H) related to the proton associated with the five-
membered ring and at 7.26(s, 1H) related to the olefinic proton. Signals for the
remaining groups of protons are also observed in the spectrum: 1.25 (d, JHH
7.16 Hz 3H(CH3)); 7.73 — 7.21 (m, 15H, arom.). In the 13C NMR spectrum,
there are signals for the corresponding carbon atoms: 8.02, 55.5, 119, 127.93-
129.9, 149, 155, 171, 205; 31P NMR spectrum: 20.98.
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In the IR spectrum of compound 34, characteristic bands are observed for a
phosphoryl group at 1215 cm-1 P=0, for a carbon-carbon double bond at 1653
cm-1 C=C and for a carbon-oxygen double bond at 1699 cm-1 C= O, as well
as the disappearance of the characteristic band for the allene system at 1950-
1980 cm™. In the 1H NMR spectrum of the compound, in addition to the
signals for the protons from the methyl and ethyl substituent, at 0.75 (t,3JHH
8.0 Hz, 3H, (CH2-CH3)) and 1.23 (t, 3JHH 0.8 Hz, 3H(Me)), respectively;
1.88 (g, 3JHH 7.0 Hz, 3JHH 8.0 Hz, 2H(CH2-CH3)), as well as for the protons
from the aromatic ring at 7.49 — 7.25 (m, 15H, arom.). In the 13C NMR
spectrum, there are signals for the individual carbon atoms: 9.5, 38.68, 50.5,
115, 129.88-125.48, 140, 153, 171.19, 198; The chemical shift for phosphorus
- 20.64, in the 31P NMR spectrum of the compound is characteristic of the
proposed structure.

The picture is similar when analyzing the spectral characteristics of compound
35. What is striking here is the appearance of a second signal for the olefinic
proton and the disappearance of the signal for the proton associated with the
five-membered ring: 1H NMR spectrum 1.25 (d, JHH 7.16 Hz 3H(CH3)); 6.86
(d, JHP 6.91 Hz, 1H); 7.26 (s, 1H); 7.73 — 7.21(m, 15H, 3arom); 13C NMR
spectrum: 15.2, 60.04, 127.93-129.9, 139, 149, 155, 171, 205; 31P NMR
spectrum: 30.02.

In the IR spectrum of compound 36, characteristic bands are observed for a
phosphoryl group at 1215 cm-1 P=0, for a carbon-carbon double bond at 1673
cm-1 C=C and for a carbon-oxygen double bond at 1698 cm-1 C= O, as well
as the disappearance of the characteristic band for the allene system at 1950-
1980 cm™. In the 1H NMR spectrum of the compound, in addition to the
signals for the protons from the methyl and ethyl substituent, at 1.15(t,3JHH
8.0Hz, 3H, (CH2-Me)) and 2.01(s, 3H(Me); 2.45(q, 3JHH), respectively
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7.0Hz, 3JHH 8.0Hz, 2H(CH2-Me)), as well as for the aromatic ring protons at
7.49—-7.25 (m, 15H, 3Ph). In the 13C NMR spectrum, there are signals for the
individual carbon atoms: 10.0, 14.18, 21.04, 60.05, 129.88-125.48, 171.19,
203; The chemical shift for phosphorus- 31.66, in the 31P NMR spectrum of
the compound is characteristic of the proposed structure.

The results obtained by us show that when using 1,2-alkadiene phosphonates
and phosphine oxides as an alkene component of the Pausson-Kand reaction,

the generally accepted mechanism of this reaction is followed:

Me
——e

R

CDz(CO)s /k Co(CO)s \Co(CO); \

Co(CO)3 CO(CO)Q

Ph

/R‘CO(CG)S &‘CMC% &co(co)a
7

Ph cocco, Ph Co(CO), % <c0)

| Me Me’ Me

ﬁ.:< R \ R > °

ZZP\ R 7P
Z,P,
\ B \\o 2l \\O

[

Z,

|

Ph’
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Z = OMe, Ph

R=H, Et
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The interaction of phenylalkyne with octacarbonyldicobalt leads to the
formation of the starting hexacarbonyl complex A. The first stage of the
reaction is the loss of one CO ligand. This step is highly endothermic and is
the rate-determining step. Accelerating this step therefore usually involves the
use of promoters to facilitate the elimination of a CO ligand.

The N-oxides oxidize one of the CO ligands, transforming it into CO2 and
thereby forming a vacancy in the cobalt complex. At this vacancy, the double
bond of the allene component is coordinated.

SN I~

N .
(CO)M==Cc=0 +R;N\—0 —»> (CO)M——C—0—NRy | —>

—— M(CO), + CO, + R3N

The next step is coordination of the olefinic (allene) component B with the
formation of a cobalt-containing ring. This is the second important step of the
reaction, which is decisive in terms of the regio- and stereochemical yield of
the reaction.

Stage C of CO implementation follows, and after a two-fold reductive

elimination, the final product is formed.

3. Study of the cytotoxic activity of newly synthesized compounds
Drug discovery involves biological testing of numerous chemical

compounds. At the same time, ethical concerns encourage researchers to
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reduce the number of animals used in experiments 313. Nowadays, alternative
tools for evaluating the bioactivity of various compounds are widely used. It is
known that even bioactive compounds with proven health benefits have failed
to be used commercially due to low solubility 314 .

In the present study, a Triticum aestivum L. (wheat) root growth
inhibition assay, an Allium cepa L. assay, and in vitro tests using the human
fibrosarcoma cell line HT 1080 were used to evaluate the cytotoxic potential
of newly synthesized phosphonates.

As a first step of this study, a solubility analysis of the phosphonates
was performed. The results showed that the cytotoxic activity of five
compounds could be investigated. Aqueous solutions of B-iminophosphonates
27, 29 and 30 and methanolic solutions of f-aminophosphonates 19 and 21

were used in the biological tests.

11. 3.1. Root growth inhibition test

In the present study, the inhibition of T. aestivum root growth was
used to evaluate the overall toxicity of the tested phosphonates. All compounds
inhibited root elongation compared to the control (Table 1). The growth
inhibitory effect increased with concentrations. The effective concentrations
causing 50% of the root length compared to the control (EC50) were
determine.

Table 1. Growth inhibition of Triticum aestivum roots exposed to

different concentrations of compounds for 96 h.

Dose EC50
Sample (ng/ml) Average SD % (ng/ml)
Controll |0 75.29 12.40 100.00
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27 100 57.62 12.28 76.53* 349
200 45.79 10.56 60.82*
400 34.56 9.16 45.90*
600 26.72 5.30 35.49*
800 22.57 4.16 29.98*
1000 20.75 4.45 27.57*
29 100 54.69 11.11 72.63* 327
200 39.40 9.07 52.32*
400 29.89 5.89 39.70*
600 24.61 4.84 32.69*
800 21.16 4.21 28.11*
1000 15.44 3.18 20.51*
30 200 57.81 12.24 76.79* 397
400 33.33 6.11 44.27*
600 26.67 5.97 35.43*
800 21.05 4.68 27.96*
1000 16.99 4.88 22.57*
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Control 2 | 0.40 67.00 14.50 100.00
19 200 45.59 10.92 68.04* 340
400 28.02 5.07 41.82*
600 23.63 3.93 35.27*
800 19.27 4.70 28.76*
1000 17.14 4.25 25.59*
21 50 58.72 11.87 87.64 140
100 40.42 7.98 60.33*
200 16.57 2.85 24.73*
400 13.62 2.68 20.33*
500 11.57 2.72 17.27*
600 10.26 1.98 15.31*
800 8.93 1.79 13.33*
1000 7.32 1.56 10.92*

Control 1 - distilled water; Control 2 — 0.40 pg/ml MeOH; EC50 - half
maximum effective concentration; Data are expressed as mean + standard

deviation (mean + SD); *P<0.05.
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The EC50 values of B-iminophosphonates and B-aminophosphonate
19 ranged from 340 to 397 pug/ml. The EC 50 value for f-aminophosphonate
21 is much lower at 140 pg/ml. Root elongation is a macroscopic effect that
reflects the different mechanism of cytotoxic influence. These data can be
explained by the differences between the degree of negative influence of the

tested phosphonates.

11. 3.2. Allium cepa-test

Table 2 presents the effect of the tested phosphonates on the rate of
cell division in root meristem cells of A. cepa. The results revealed an
inhibition of cell proliferation when treated with two compounds - 29 and 30.
In the treatment with 29, the mitotic index was reduced about twofold (P<0.05)
compared to the negative control. The cytostatic effect of 30 was much

stronger - cell division was completely inhibited.

Table 2. Effect of treatment with tested phosphonates (for 48 h) on the

mitotic index and phase indices in meristem cells of the root tip of Allium

cepalL.
Metaphase Telophase
Mitotic Prophase Anaphase
index index
Dose index index index
pg/ml (%xSD) (%xSD) (%xSD) (%xSD) (%xSD)
10.89+3.1 | 17.1745.9
Control 1 0 5.24+0.87 | 46.47+8.70 | 25.4615.84
3 0
10.4845.3 | 12.41+4.3
27 246 5.15+0.84 | 50.794+8.42 | 26.3213.64
9 9
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3.01+0.18 11.82+2.5 | 21.9945.3
29 168 . 39.8346.16 | 26.36+6.03
8 9

30 300 - - - - -

11.90+5.0 | 15.91+4.1

Control 2
0.40 5.52+1.31 | 45.9349.74 | 26.2617.26 |2 2
55.77+12.4 | 16.97+6.53 | 13.30+4.7 | 13.96%3.7
19 240 4.9+1.81
0 * 4 1
14.35+5.8 | 9.68+5.07
21 92 4.48+0.93 | 47.91+6.97 | 28.07+6.77

2 *

Control 1 - distilled water; Control 2 — 0.40 ug/ml methanol; Data are

expressed as mean + SD; SD - standard deviation *P<0.05.

We observed a significant change in the value of the phase indices
after treatment with 19 and 21. Treatment with 19 significantly decreased the
percentage of metaphase and increased the percentage of prophase to some
extent. This is probably due to a block in cell division at the end of prophase.
Treatment with 21 caused a significant decrease in the percentage of telophase.

Decreases in the mitotic index and changes in mitotic phase
frequencies are used as signs of a negative effect on cell division. Allium cepa
is considered one of the most sensitive plant systems for determining the

cytotoxic effects of a large number of compounds.

11. 3.3. In vitro cytotoxicity assay
In the present study of the effect of newly synthesized phosphonates

on the human fibrosarcoma cell line, the proliferation/viability of HT 1080 was
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assessed. A colorimetric assay based on the reduction of a tetrazolium salt to
formazan by a mitochondrial enzyme was used. The results are summarized in
Table 3. After treatment with four compounds the cell proliferation/viability
tested was similar to that of the control. Only compound 30 had a significant
negative effect on HT 1080 cells.

Table 3. Effect of treatment with tested phosphonates (for 48 hours) on

the human fibrosarcoma cell line HT 1080 - cell proliferation/viability of

WST -1.
Absorbtion
Dose
Sample (ng/ml) Average 1SD | Cell viability (%)
Control 1 1.907 +0.259 100.00
27 | 246 1.876 +0.228 98.34
29 | 168 1.778 +0.170 93.22
30 | 300 0.043 +0.010 2.24*
Control 2 0.26 1.903 +0.303 100.00
19 | 240 1912 +0.263 100.44
21|92 1.852 +0.240 97.30

11. 3.4. Effects on nuclear morphology
The ability of the studied phosphonates to induce apoptosis was
assessed by evaluating changes in nuclear morphology in Giemsa-stained

cancer cells.
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Table 4. Effect of treatment with tested phosphonates (for 48 hours) on

the human fibrosarcoma cell line HT 1080 - microscopic markers of

early apoptosis.

Dose Changes in nuclear morphology Total
(ng/ml
Sample ) Cells analyzed | Pyknosis | Karyorrhexis | Karyolysis (%+SD)
Control 1 613 26 6 0 5.22+1.03
27 246 604 17 1 4 3.64+0.85*
29 168 611 26 1 1 4.58+0.97
65.61+11.47
30 300 602 30 4 361 *
Control 2 0.26 613 7 1 1 1.47+0.26
19 240 704 11 0 0 1.56+0.29
21 92 665 17 1 0 2.71+0.51*
PC 50 639 21 0 3 3.76+0.19

Control 1 - complete growth medium; Control 2 — complete growth

medium with 0.26 pg/ml MeOH; PC-positive control (5-fluorouracil);

Data are expressed as mean + SD; SD - standard deviation *P < 0.05.

Three stages of the nucleus were identified in the early stage of

apoptosis - karyolysis, pyknosis and karyorrhexis. Only compound 30 had a
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significant effect - 65.61% of the fibroblastoma cells showed signs of early
apoptosis, mainly due to karyolysis.

It should be noted that pyknosis was found after treatment with all
phosphonates, but also in the negative and positive controls. Some cells also
reveal the signs of karyorrhexis. It is possible that changes in the nucleus of
the cancer cells may account for these results.

The present study confirmed numerous data that the Triticum test and
the Allium test represent a useful tool in combination with other cytotoxicity
tests.

For example, 29 had a negative effect on plant cell division, but the in
vitro test showed no significant effect on cell proliferation/viability. Moreover,
our results are consistent with the proposition that reduction of cell viability
does not always lead to cell death - 30 inhibited cell viability by 97.76% but
initiated apoptosis in only 65.61% of fibrosarcoma cells.

In the present study, only compound 30 revealed significant
antiproliferative and cytotoxic activity. One of the structural differences
between 27, 29 and 30 is the substituents at the phosphorus atom - two methoxy
groups in 27, methoxy and diethylamino groups in 29, and two phenyl groups
in 30. The replacement of one CH3O group in 27 with one (C2H5)2N group at
the phosphorus atom in 29 did not increase the anticancer activity of the
compound. Therefore, it can be assumed that the presence of two phenyl
groups at phosphorus in the molecule of 30 is related to its biological activity.
Among the tested compounds, only 30 have two aromatic rings in their
molecule, as well as a 2-aminopyridine moiety.

In particular, aromatic rings are widely used in drugs due to their well-
known synthetic and modification properties 317. For example, at least one

aromatic ring can be found in 99% of the data containing more than 3500
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evaluated by the Medicinal Chemistry Division of Pfizer, AstraZeneca and
Glaxo SmithKlin 318. However, little is known about their chemical
characteristics in biological solution, such as H-bond presence, H-bond
lifetime, solvent accessibility, and conformational group.

In this sense, molecular dynamics simulations can provide useful
information with atomistic resolution and access to the aforementioned
characteristics of chemical groups in water, providing fundamental data to
guide medicinal chemistry approaches. It is also well known that simple or
complex structures containing 2-aminopyridine motif are effective as anti-
tumor, anti-Alzheimer, anti-diabetic, antimicrobial, antiviral, analgesic, anti-
inflammatory, anti-parasitic, anti-malarial, anti-histaminic, anti-convulsant,
renin inhibitor, n-NOS -inhibitors, CXCR1/2 inhibitors, JNK1 inhibitors, PKC
inhibitors and Syk inhibitors, as well as with cardiac activity 319.

The present study contributes to limited data on the synthesis and
bioactivity of B-aminophosphonates and B-iminophosphonates. The results
confirmed the well-known relationship between chemical structure and
biological activity 320-323. An established effect on cell proliferation of some
of the new -amino- and B-iminophosphonates revealed an opportunity for the
discovery of new anticancer drugs.
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MAIN SCIENTIFIC CONTRIBUTIONS OF THE DISSERTATION:

1. The study of the reaction of nucleophilic addition of propargyl alcohol to
1,2-alkadienephosphonates and 1,2-alkadienephosphine oxides showed that,
regardless of the application of a specific catalyst, it follows the reaction path
established by other authors, namely attack of the reactant on the central carbon
atom of the allene system of double bonds with the formation of addition
products along the 1,2- and 2,3-double bonds of this system.

2. The study of the nucleophilic addition reaction of nitrogen-containing
nucleophilic reagents (benzylamine and 2-aminopyridine) confirmed the
mechanism proposed by other authors, namely the attack of the nucleophilic
reagent on the central carbon atom of the allene double bond system and the
formation of addition products, as along both the 1,2- and 2,3-double bonds.
3. The categorical dependence of the direction of the above-described reaction
on temperature was demonstrated with the application of two different
synthetic protocols, which, together with the influence of the structure of the
starting 1,2-alkadienephosphonates and phosphine oxides, provides excellent
opportunities for achieving molecular diversification in the products of the
reaction.

4, The participation of 1,2-alkadienephosphonates and 1,2-alkadienephosphine
oxides in the Pauson-Khand reaction (PKR) was studied for the first time, i.e.
catalyzed hexacarbonyldicobalt cycloaddition of alkyne, alkene, and carbon
monoxide. It has been proven that 1,2-alkadienephosphonates and 1,2-
alkadiene phosphine oxides successfully participate in this reaction as an
alkene component, in which cyclic organophosphorus compounds have been

isolated.
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5. As a result of the experimental work performed on the dissertation work, 22
new organophosphorus compounds not described in the literature were
synthesized and characterized.

6. Based on the interaction of 1,2-alkadienephosphonates and 1,2-
alkadienephosphine oxides, organophosphorus compounds with potential
biological activity were synthesized.

7. The biological activity of 5 newly synthesized organophosphorus
compounds was studied and the structure-biological activity relationship
(SAR) was demonstrated.

8. The present study confirmed data from other authors that the Triticum test
and the Allium test represent a useful tool in combination with other
cytotoxicity tests.

9. Compound 30 was shown to exhibit anticancer activity against the human

fibrosarcoma cell line HT1080.
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