ISSN 1814-9758. Ukr. Bioorg. Acta, 2023, Vol. 18, N 1
UDC 547.787+547.789:57.083.3
DOI: https://doi.org/10.15407/bioorganica2023.01.032

Ukrainica Bioorganica Acta

www.bioorganica.org.ua

RESEARCH ARTICLE

New phosphorylated S-(hydroxyalkylamino)-1,3-oxazoles as potential
anticancer agents

Oksana S. Bahrieieva', Oleksandr V. Golovchenko!?, Oksana I. Golovchenko?,
Victor V. Zhirnov!, Volodymyr S. Brovarets*

1V.P. Kukhar Institute of Bioorganic Chemistry and Petrochemistry of the NAS of Ulkraine, Kyiv, Ukraine
? Bogomolets National Medical Universiry, Kviv, Ukraine

Abstract: Eight new phosphorylated 5-(hydroxyalkylamino)-1,3-oxazoles were designed and tested for their ability to inhibit cancer cell
growth. These compounds were evaluated against complete human tumor cell lines NCI-60. Only three compounds showed antitumor
activity in the single dose assay, which were taken in the five dose assay. Compounds 7 and 8 showed the same average antiproliferative
activity and cytotoxicity against sensitive cell lines of the general panel. However, compound 8 showed cytotoxicity to more lines than 7.
By all parameters, these compounds were more active than compounds 5. Compounds 7 and 8 also showed high and similar
antiproliferative activity in the concentration range Glso: 1-6 and TGI: 6-14 pM against all subpanels. Their cytotoxicity was in the
concentration range of 25-54 puM. Compound § showed the same activity, with the exception of the leukemia, non-small cell lung cancer
and ovarian cancer subpanels against which their activity was lower. When analyzing the structure-activity, it turned out that among the
phosphorylated oxazole derivatives, only compounds containing the triphenylphosphonium cation (TPP7) in the 4th position of the oxazole
ring exhibit antitumor activity. Moreover, the replacement of the phenyl radical in the 2nd position of the oxazole scaffold with a methyl
radical led to the disappearance of the activity. The COMPARE algorithm reveals a high correlation of the antiproliferative activity of the
tested compounds with the antitumor agents phyllantoside and chromomycin A3 in the GIsp vector and moderate with phyllantoside in the
TGI vector. The target of all standard drugs that correlate with the cytotoxicity of the studied compounds, with the exception of didemnin,
is DNA. Unlike standard compounds, synthesized active compounds carry a delocalized TPP™, which delivers them predominantly to
mitochondria due to a much more hyperpolarized potential of the mitochondrial membrane in cancer cells than in normal ones. Therefore,
their anticancer activity is most likely due to a disturbation of the structural and functional state of the latter due to interference with their
intrinsic protein-synthesizing apparatus of mitochondria. The data obtained allow us to consider 5-(hydroxyalkylamino)-1,3-oxazoles
loaded with TPP™ as leading compounds for further in-depth study and synthesis of new TPP -containing 1.3-oxazole derivatives with
anfitumor activity.
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medicine. Among the wvarious types of treatment,
chemotherapy continues to play a leading role in the

. . treatment of cancer. However, due to the serious side effects

Today, the solution to the problem of treating cancer.  jjherent in tumor chemotherapy, as well as the development
which is one of the leading causes of morbidity and of drug resistance to them, significant efforts are being
mortality worldwide, is considered one of the main tasks of | ade to find and develop new drugs with increased
antitumor efficacy and reduced side effects. A significant
place among them belongs to 1.3-oxazole derivatives,
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to be mediated by inhibition of aldolase II in Candida
albicans [3], and antihypertensive activity of 4-phospho-
nyloxazoles in rats due to inhibition of phosphodiesterase
III [4]. The antitumor activity of 4-triphenylphosphonium
salts of 1.3-oxazol have been assessed against NCI-60
cancer cell lines, which showed high anticancer activity
(GIs0: 0.3-1.1, TGI: 1.2-2.5 and LCsp: 5-6 uM) [5].

In this work, a series of novel phosphorylated 5-(hydro-
xylalkylamino)-1.3-oxazoles was constructed and tested for
their ability to inhibit the growth of the full NCI-60 human
tumor cell lines.

Results and Discussion

Chemistiy

The synthesis of compounds 1-8 was carried out by
known methods [6-9]. Diethyl 5-(hydroxyalkyl)amino-2-R-
1.3-oxazol-4-phosphonates 1-4 were obtained by the
interaction of available diethyl esters of 1-aroylamino-2.2.2-
trichloroethylphosphonic acids Ia,b with an excess of the

corresponding aminoalcohols in methanol at room
temperature (Scheme 1).
P(O)(OEt)
0 P(O)OEt);, MeOH A
+ HNR4R> /]{ \
R H CCly (excess) 1825°C R Ng57 ~NRR;
1 R R R R’
a Ph 1 4-0NCeH: Me (CH,),0H
b 4-0;NCsH, 2 Ph H (CH,);0H
3 Ph H  CHCH(OH)CH,OH
4 Ph Me CH:(CH(OH)):CH:OH

Scheme 1. Synthesis of diethyl 5-(hydroxyalkyl)amino-2-aryl-1.3-
oxazol-4-phosphonates 1-4.

Phosphonium salts 5-8 were synthesized in a similar
way. For this, l-acylamino-2,2-dichloroethenylphospho-
nium chlorides ITa,b were used as starting reagents. The
interaction of compounds IIa, b with an excess of
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aminoalkanol takes place in a methanol environment at 20-
25°C and leads to the formation of 2-R-5-(hydroxy-
alkylamino)-1,3-oxazol-4-yl(triphenyl)phosphonium  chlo-
rides. For the convenience of isolation and obtaining
analytically pure samples, these substances were
transformed into the corresponding perchlorates 5-8 by
treating the reaction mixture with a saturated solution of
sodium perchlorate (Scheme 2).

The structure of all obtained compounds was proven by
means of elemental analysis. 'H-, “C-. *'P-NMR
spectroscopy and mass spectrometry. Thus, the values of
the proton signals in the "H-NMR spectra of compounds 1-8
fully correspond to the presented structures. Particular
attention is drawn to the data of C-NMR spectra, in
particular, the signals of the carbon nuclei of the oxazole
cycle and ethoxyl groups of products 1-4, as well as phenyl
rings in compounds 5-8, which appear in the form of
doublets due to their interaction with the nucleus of the
Phosphorus atom. Thus, in phosphonates 1-4. the signals of
carbon nuclei in position 5 of the oxazole cycle appear in
the region of 163.5-161.26 ppm with a spin-spin interaction
constant (J) of 38.9-37.9 Hz, for C(2) in the range of 150.7-
147.8 ppm with the J value of 22.4-21.9 Hz, and for C(4) in
the region of 101.5-96.0 ppm and with J= 254.8-254.3 Hz.
The signals of the methylene group of the dietho-
xyphosphoryl fragment are in the range of 62.0-61.6 ppm
with spin-spin interaction constant 5.5-5.0 Hz, and the
methyl group at 16.2 ppm with J 6.5-6.0 Hz.

Replacement of the 1,3-oxazole ring of the diethoxy-
phosphoryl group in position 4 with a more electron-
accepting triphenylphosphonium does not significantly
affect the position of the signals of the Carbon nuclei in
positions 2 and 5. however, a shift of the signals of the
Carbon C(4) nuclei to a stronger field region of the
spectrum is observed. Thus, the signals of Carbon C(5)
nuclei appear in the range of 165.31-164.0 ppm (29.8-27.6
Hz), C(2) at 153.3-152.8 ppm (21.3-20.5 Hz), and C(4) at
85.84-81.62 ppm with spin-spin interaction constant 154.8-
153.3 Hz. The signals of the phenyl fragment of the
triphenylphosphonium residue of oxazoles 5-8 in the
13C NMR spectra are in the region: C(4) 135.45-135.31 ppm
(3.0-2.9 Hz), C(3) 134.76-134.51 ppm (11.0-10.5 Hz), C(2)

*PPhsCIO,
* - N
0 FPhaCl H\/OH 1. MeOH, 18-25 °C /J{_& H/OH
R™ N Scep, ¢ RaANT TR R™>g7 7N In
y 2 2. NaClO, (sat) R,
(excess) 5.8
I R R R! n
a 5 H 1
b  Ph 6 Me H 1
7 Ph Me 1
8 Ph H 2

Scheme 2. Synthesis of 5-(hydroxyalkyl)amino-2-R-1,3-oxazol-4-(triphenyl)phosphonium perchlorates 5-8.
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130.63-130.58 ppm (13.2-12.5 Hz) and C(1) 120.54-119.40
ppm (93.9-93.2 Hz). Signals of phosphorus nuclei in the
3IP_NMR spectra of compounds 1-8 are fixed in the range
of 14.3-10.5 ppm.

In the IR spectra of compounds 1-8, intense absorption
bands of C=N groups of the oxazole cycle were found in the
region of 1628-1605 cm™ and 1601-1584 cm™. In
phosphonates 1-4, the absorption bands of the P=0 group
are fixed at 1245-1200 cm™, and those of the P-O-C bonds
at 1049-1016 cm™ and 976-961 cm™. The absorption bands
of perchlorate anion in the range of 1110-1106 cm™ are
observed in phosphonium salts 5-8.

Biology
One dose assay

According to the mean growth inhibition percent of the
total panel, indicated in brackets, the tested compounds
according to the increase in activity are arranged in a row:
1=2=3=4=06(<6)<5(92)<7=8(98). Hence, only
compounds 5, 7 and 8 showed antitumor activity. complete
data for which are presented in Table S1. The data of
statistical analysis of the antitumor activity of compounds 5,
7 and 8 by subpanels are presented in Table 1.

Table 1. Average growth inhibition of the NCI-60 cancer
cell line subpanels by compounds 5, 7 and 8 in one dose
assay.

Subpanel Compound
5 7 8
Leukermia 99+6 987 100£7
NSCLC 84+8 9T7+5 926
Colon cancer 96=16 10214 103=13
CNS cancer 90=+3 997 952
Melanoma 112+16 124+12 126=13
Ovarian cancer 83=15 83+15 84=14
Renal cancer 48=12 69=12 66=10
Breast cancer 112+8 1169 102=11

The compounds added at a concentration (1-10° M) and
the culture incubated for 48 h. The number reported for the
one-dose assay is growth inhibition (%) relative to the no-
drug control, and relative to the time zero number of cells.
NSCL - Non-Small Cell Lung cancer. Data represent as
mean + SE, %.

Compounds 5, 7 and 8 showed equally effective growth
inhibition with the highest and lowest activity against the
melanoma and renal cancer subpanels, respectively.
According to the results of statistical processing of the
obtained data, these compounds were taken for a five dose
assay.

Five dose assay
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Total panel

The calculated parameters of the antitumor activity of the
tested compounds against the cell lines of the total panel are
presented in the Table S2. and the results of the statistical
analysis in the Table 2.

Table 2. Average values of parameters of anficancer
activity and the number of cell lines sensitive to the action
of the tested compounds against cell lines of the total panel
in a five-dose analysis.

Parameter Compound
5 7 8
Glso 537073 (59)  2.85x038(59)  3.26=038(59)
TGI 2143237 13.02+1.24 11.80+0.84 (59)
(56) (59)
LCso 51.23£3.55 40.73£2.50 40.70£2.32 (52)
37 (45)

Parameter values are expressed in gM (M=m). Numbers
in parentheses indicate the number of sensitive lines, i.e.,
for which the parameter values are less than 100 uM.

Compounds 7 and 8 showed the same average
antiproliferative activity and cytotoxicity against sensitive
cell lines of the total panel. However, compound 8 showed
cytotoxicity to more lines than 7. In all respects, these
compounds were statistically significantly more active than
compounds 5.

A similar pattern was noted for the dose distribution of
the activity of the tested compounds (Figures S1-S3). At
concentrations up to 10 uM. compounds 7 and 8 showed
50% inhibition in 95 and 92% of cell lines, respectively,
versus 83% for compound 5. Cytostatic activity of
compounds 7 and 8 was observed against 92 and 96% of
cells at concentrations up to 30 uM. then as this parameter
for compound 5 was 76%. Compound 8 at concentrations
up to 100 puM was cytotoxic to 86% of cells, while
compounds 7 and 5 were cytotoxic against 72 and 60%,
respectively.

Subpanels

The data of statistical analysis of the antitumor activity
of compounds 5, 7 and 8 by subpanels are presented in
Table 3. Parameter values are expressed in 4M (Mzm). The
numbers in parentheses indicate the number of sensitive
lines, i.e., for which the parameter values are < 100 puM.

Compounds 7 and 8 demonstrated high and identical
antiproliferative activity against all subpanels in all
calculated parameters characterizing their antitumor activity
for exception of NCI/ADR-RES ovarian cancer cell line
(Table S2). Thus, the value of 50% inhibition of cell growth
for these compounds was in the concentration range of 1-6
uM., and for cytostatic activity was in the range of 6-14 uM.
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Table 3. Average antitumor activity parameters of compounds 5, 7 and 8 against the NCI-60 cancer subpanels in five dose

assay.
Subpanel 5 7 8
Glso TGI LCso Glso TGI LCso Glso TGI LCso
Leukemia 2907 193241 70.128.3 15204 9.5+19 61.311.0 19+05 11.1=1.8 53.7=10.1
© ©® @ (6) 6 3) 6 ©® €]
NSLC 7.1=2.0 30.746.5 44.6+4.1 2704 13.053.0 419440 35208 13.01.8 424224
® ® 3) ) ® Q) ® ® ®
Colon cancer 73238 19.8+5.1 591123 39:16 162=36 403103 4016 138229 44824 8
Q)] ©® (C3] Q) Q) (5 Q) M €]
CNS cancer 4613 15.8+2 4 60.7+7.0 24203 10.6=13 379+36 26x04 10.2+13 363240
© ©® 6 (6) 6 6 6 ©® ©
Melanoma 2703 9718 37.4+77 18202 8.6=1.1 30.6+4.0 21202 8316 250241
® ® ® ) ® ® ® ® ®
Ovararian 35204 24280 60999 2204 133231 48.7+58 2403 10.9=1.6 36.8=23
cancer ©) ©) @ © 6) @ 6) ©) ®)
Renal cancer 11325 39.849.8 49.8+89 6420 245£57 46277 6.7£1.7 19.0£32 51971
® ® (C3] (®) ® (5 ® ® ®
Breast cancer 22203 86=1.8 457+15.6 13203 6.6+1.4 37.0£123 21203 6.1=10 344=114
© )] (C3] (6) 6 (5 6 ©® €]
Their cytotoxicity was in the concentration range of 235- Compare correlation
54 uM. Compound 5 showed the same activity with the
Glso. TGI and LCsp vectors were analyzed by

exception of leukemia, NSCL and ovarian cancer, against
which their potency was lower.

When analyzing the structure-activity, it can be seen that
among the phosphorylated oxazole derivatives, only
compounds containing a triphenylphosphonium cation
(TPP") in the 4th position of the oxazole ring exhibit
antitumor activity. Moreover, the replacement of the phenyl
radical in the 2nd position by the methyl one (compound 6)
led to the elimination of the activity. A significant effect on
the activity of TPP™ oxazole derivatives by the presence of
an aromatic substituent in the 2nd position was also shown
by previously obtained data [5]. In this work, it was shown
that derivatives in which aromatic radicals (phenyl.
aminophenyl, tolyl or methylphenylsulfonyl) in this
position of oxazole were replaced by methyl radical were
either inactive or weakly active against NCI-60 cell lines.
The activity of compound 5 against the fotal panel was
inferior in all parameters to compounds 7 and 8. the only
difference between which was the substitution in the 5th
position of 2- (hydroxyethyl)(methyl)amine (7) or 3-hydro-
xypropylamine (8) on 2-hydroxyethylamine. Apparently,
this substitution made some contribution to the elimination
of the activity of compound 6. The essential significance of
the functionalization of the 5th position is confirmed by the
data given in the above cited work. Thus, tested analogues
of compounds 7 and 8 containing in this position aromatic
radicals (methylphenylsulfanyl, methylphenylamine or
phenylamine) instead hydroxyalkylamines showed higher
antitumor potency.
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COMPARE. generating correlation coefficients for the
compounds with known mechanisms of anticancer activity
presented in public databases to suggest their likely
molecular mechanisms or specific targets. The quantitative
evaluation of the obtained results was carried out according
to the Chaddock scale [10].

Reported mechanisms of the standard drugs correlating
with GI50 and TGI vectors of tested compounds

The COMPARE algorithm reveals a high correlation of
antiproliferative potency of tested compounds with
anticancer agents phyllanthoside and chromomycin A3 by
the GIsp vector, and moderate with phyllanthoside by the
TGI vector. Chromomycin A3 is a GC-specific DNA ligand
which inhibits transcription selectively inhibiting the DNA-
directed RNA polymerase reaction. Does not intercalate
[11,12]. In addition, it is a selective Spl inhibitor that
specifically suppresses the expression of the anti-apoptotic
gene associated with the Spl protein and induces caspase-
dependent apoptosis [13]. Phyllanthoside suppresses protein
synthesis in cells by inhibiting the elongation mechanism
during translation [14. 15] that correlate with its effects on
cellular protein synthesis [16].

The presence of a strong correlation of the test
compounds with phyllantoside and chromomycin A3
indicates the possible involvement of molecular
mechanisms inherent in these drugs in the antiproliferative
effect of the test compounds.
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Table 4. Standard agent COMPARE correlations for compounds 5, 7 and 8 tested by five dose assay

Compd. Glzo TGI LCso
Phyllanthoside (0.75
5 yllanthoside (0.75) Phyllanthoside (0.68) Trimelamol (0.67), Actinomycin D (0.65)
Chromomycin A3 (0.72)
Didemnin B (0.69
Chromomycin A3 (0.81) . ] in B ( . )
7 . Phyllanthoside (0.67) Morpholino doxorubicin (0.67)
Phyllanthoside (0.78) Chr 0 A3 (065)
OMmOmycin .
MX2 HCI (0.58), daunorubicin,
Chromomycin A3 (0.78 icin, cv: i
3 Y (0.78) Phyllanthoside (0.67) doxorul_nqn_, cyanomorp holino
doxorubicin, actmomycin D, and

Phyllanthoside (0.74)

tetraplatin (0.56)

Reported mechanisms of the standard drugs correlating
with LC50 vector of tested compounds

The target of all standard drugs that correlate with the
cytotoxicity of the studied compounds, with the exception
of didemnine is DNA. These drugs act primarily as DNA
intercalating and alkylating agents, interfering with DNA
metabolism and RNA production. These process itself
results in a distortion of the DNA conformation that causes
the inhibition of topoisomerase II. Cytotoxicity is primarily
due to inhibition of topoisomerase II after the enzyme
induces a break in DNA, preventing religation of the break
and leading to cell death [17-22].

Didemnin B like Phyllanthoside inhibits the elongation
of mRNA ftranslation on the ribosome during protein
synthesis, and induces cell apoptosis. Although in some
cancer cell types, apoptosis is only induced by
concentrations at least one order of magnitude higher than
needed to inhibit translation [23,24]. The moderate
correlation of the cytotoxicity vector of the tested
compounds with that of the above agents, on the one hand,
does not provide sufficient grounds for classifying their
mechanisms as those of the tested compounds, and on the
other hand. the absence of drugs with other mechanisms of
action in this list increases the probability of their inclusion.

It should be noted that these compounds contain bulky
TPP", which prevents DNA intercalation, which, however,
does not exclude the possibility of their binding to certain
regions of nucleic acids, like didemnin., phyllantoside,
trimelamol, and chromomycin A3. preventing the processes
of transcription and translation in the cell. In addition, a
moderate correlation may be due to the fact that the
subcellular target of TPP™-loaded compounds is
mitochondria, since the mitochondrial membrane potential
in cancer cells (-220 mV, negative inside) is more
hyperpolarized than in normal cells (-140 mV)., which
creates a 100-1000-fold concentration gradient of such
compounds in favor of mitochondria [25]. That is, they
predominantly interact with their intrinsic mitochondrial
protein-synthesizing apparatus, and not with the general
cellular one. which cannot but affect the results of a
COMPARE analysis. Therefore, the functionalization of
known antitumor agents with TPP™ is often used for their
selective accumulation in the mitochondria of cancer cells
[26]. It helps to increase selectivity, anticancer activity,
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overcome drug resistance and reduce side effects [27. 28].
In addition, TPP* is not an inert transporter, and can
promote proton leakage and uncoupling of oxidative
phosphorylation. which reduces the efficiency of ATP
generation [29]. Therefore, unlike standard compounds,
oxazole TPP™ derivatives delivered to mitochondria are
likely to selectively disrupt mitochondrial protein synthesis,
which results in excessive production of reactive oxygen
species, inhibition of «cell proliferation, release of
cytochrome c, and apoptosis through the mitochondrial
pathway [30, 31].

From this standpoint, the tested 5-(hydroxyalkylamino)-
1.3-oxazoles loaded with TPP™ should be considered as
promising compounds with high potential antitumor activity
and can be taken for further functionalization in order to
increase their antitumor activity and reduce toxicity to
normal cells.

Conclusions

Eight new phosphorylated 5-(hydroxyalkylamino)-1.3-
oxazoles were tested for their ability to inhibit cancer cell
growth. These compounds were evaluated against complete
human tumor cell lines NCI-60. Structura-active analysis
showed that among the phosphorylated oxazole derivatives,
only compounds containing the triphenylphosphonium
cation in the 4th position of the oxazole ring exhibit
antitumor activity against all the studied cancer cell lines.
Moreover, among them. only compounds containing a
phenyl radical in the 2nd position of the oxazole skeleton
turned out to be active. Compounds 7 and 8 showed strong
and similar antiproliferative activity against all subpanels.
Compound 5 showed the same activity. except for the
leukemia, NSCL and ovarian cancer subpanels where their
efficacy was lower. A COMPARATIVE analysis showed
the highest GIsp correlation of compound 5§ with
phyllantoside, and compounds 7 and 8 with chromomycin
A3. The cytostatic activity of all active compounds
moderately correlates with drugs whose cytotoxicity is
mediated by interaction with nucleic acids, which leads to
disruption of the protein-synthesizing function of the cell.
Unlike standard compounds, test compounds containing
TPP® accumulate predominantly in mitochondria.
Therefore, their anticancer activity is most likely due to a
violation of the structural and functional state of the latter



due to interference with their intrinsic protein-synthesizing
apparatus of mitochondria. The data obtained allow us to
consider the studied compounds as leading ones for further
in-depth study and synthesis of new TPP*-containing
1.3-oxazole derivatives with antitumor activity.
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Experimental section

Chemistry

'H. ®C. *'P NMR spectra were obtained with a Bruker
AVANCE DRX-500 spectrometer (TMS as internal
reference or 85% phosphoric acid as external reference) in
DMSO-ds. IR spectra were recorded with a Vertex 70
spectrometer in KBr pellets or film. LC-MS spectra were
recorded on an LC-MS system-HPLC Agilent 1100 Series
equipped with a diode array detector Agilent LC'MSD SL.
Parameters of LC-MS analysis: Zorbax SB-C18 column
(1.8 Im, 4.6-15 mm. PN 821975-932). solvent water-
acetonitrile mixture (95:5), 0.1% of aqueous trifluoroacetic
acid; eluent flow 3 mL minl; injection volume 1 IL; UV
detection at 215, 254, 265 nm: chemical ionization at
atmospheric pressure (APCI), scan range m/z 80-1000.
Elemental analysis was carried out in the Analytical
Laboratory of the Institute of Bioorganic and
Petrochemistry of the National Academy of Sciences of
Ukraine by manual methods. The carbon and hydrogen
contents were determined using the Pregl gravimetric
method, while nitrogen was determined using the Duma’s
gasometrical micromethod. Chlorine content was
determined by the mercurometric method, phosphorus
content was determined by the colorimetric method. M.p.
were determined with a Fisher-Johns apparatus and are
uncorrected. Reactions and purity of the products were
monitored by thin-laver chromatography on DC-
Fertigfolien ALUGRAM Xtra SIL G/UV»ss plates using 9:1
(v/v) chloroform—methanol as eluent. All reagents and
solvents were purchased from Aldrich and used as received.

General procedure for preparing diethvl 5-(hvdroxy-
alkvl)amine-2-R-1,3-oxazol-4-phosphonates (1-3).

To a solution of 0.001 mol of compounds Ia,b in 50 mL
of methanol was added 0.045 mol of aminoalkanole. The
mixture was stirred for 12-24h at a temperature of 18-
25 °C. After the solvent removal in vacuo, the residue
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treated with 20 ml distilled water and 20 mL of fert-butyl
methyl ether. Organic phase dried over sodium sulfate. The
solvent was removed in a vacuum. and the reaction products
1-3  were purified by column chromatography
(dichloromethane — methanol, 95:5)

Diethvl  5-((hvdroxyvethvl)(methvl)amino)-2-(4-nitrophe-
nvl)-1,3-oxazol-4-phosphonate (1) [6].

Yeild: 73%; mp 144-147 °C. IR (KBr): v=3423 (OH),
1612, 1591 (C=N), 1508, 1343 (N-0), 1245 (P=0). 1049,

969 (P-O-C). 'HNMR (500 MHz, DMSO-ds): &8.33
(d,2H, 4-ONCsH4, J8.8Hz), 8.03 (d.J83Hz, 2H,
4-O;NCgHs,), 4.82 (brs, IH, OH), 4.11-4.01 (m,4H,

20CH:CHj3), 3.73-3.62 (m. 4H. 2CHa). 3.27 (s. 3H. CH3).
1.28 (t,377.0Hz, 6H. 20CH,CH:). 3C NMR (125.69
MHz, DMSO-ds): §161.8 (d, Joc 37.9 Hz, C° gxazote). 147.8
(d, Joc 21.9 Hz, C2 guamote). 1472, 132.0, 125.6, 124.5
(4-O0;NC¢Hs), 101.5 (d, Joc 254.3 Hz., C* oxazole). 62.0
(d,%/ec 5.5Hz, POCH)CH3)., 58.7, 54.6, 384, 16.2
(d,*Jec 6.5 Hz, POCH.CH:). *'PNMR (202.38 MHz,
DMSO-ds): §12.7. LCMS: 400[M + 1]. Anal. Caled. for
C15H2oN307P (399.34): C, 48.12; H 5.51; N 10.52; P 7.76.
Found: C. 48.01; H, 5.62: N, 10.50; P, 7.73.

Diethvl  5-((hvdroxvpropvl)amine)-2-(phenvi)-1,3-oxa-
zol-4-phosphonate (2) [7].

Yeild: 72%: mp 61-63 °C. IR (KBr): v= 3286 (OH. NH).
1628, 1585 (C=N), 1200 (P=0), 1020, 975 (P-O-C).
'HNMR (500 MHz, DMSO-ds): §7.83 (d.*J7.4 Hz, 2H.
CsHs). 7.53-7.35 (m. 3H. C¢Hs). 6.70-6.63 (m, 1H. NH),
4.63 (br s, 1H, OH), 4.09-3.93 (m., 4H, 20CH,CHj3), 3.58-
3.50 (m, 2H, CH,OH), 3.50-3.41 (m, 2H, NCH>), 1.80-1.70
(m.2H, CHy). 1.31-1.17 (m. 6H, 20CH,CH;). “C NMR
(125.69 MHz, DMSO-ds): S5163.1 (d, 2Jec38.9 Hz,
C oxazote), 150.6 (d, *Joc 21.9 Hz, C? oxazoie), 129.6, 129.1,
127.5, 124.9 (C¢Hs). 98.9 (d. e 254.8 Hz, C* oxazote). 61.6
(d.%“/ec 5.0 Hz, POCH,CHs). 58.4. 404, 32.7. 16.2
(d.*Jec 6.0 Hz, POCH,CHs). *'PNMR (202.38 MHz,
DMSO-ds): §13.5. LCMS: [M + 1]: 355. Anal. Calcd. for
C16H23N>OsP (354.34): C, 54.23; H, 6.54: N, 7.91: P, 8.74.
Found: C, 54.39; H, 6.49; N, 8.27; P, 8.53.

Diethvl 5-((2, 3-dihvdroxvpropvl)amine)-2-(phenvi)-1,3-
oxazol-4-phosphonate (3) [6].

Yeild: 63%; mp 110-112°C. IR (KBr): v=3334 (OH,
NH), 1626 br (C=N), 1215 (P=0), 1020, 976 (P-O-C).
'"HNMR (500 MHz, DMSO-ds): §7.83 (d,*J 7.1 Hz, 2H,
C6Hs), 7.54-7.41 (m, 3H, CgHs), 6.49 (br s, 1H, NH), 5.02
(br s, 1H, OH), 4.72 (br s, 1H, OH), 4.10-3.92 (m, 4H,
20CH,CH3), 3.70-3.61 (m.1H. CH). 3.57-3.49 (m. lH,
CH), 3.44-3.37 (m, 1H. CH). 3.36-3.24 (m, 2H, CH). 1.26-

121 (m,6H, 20CH,CH;). BCNMR (125.69 MHz,
DMSO-ds): §163.5 (d. 2hc38.9Hz C° gxazore). 150.7
(d.*Jec 22.4Hz, C? gxazote). 129.6, 129.1., 126.6, 124.9
(CsHs), 96.0 (d.'Jpc254.8Hz, C%oxazore). 70.2, 63.5,

61.6 (d, ZJoc 5.0 Hz, POCHCH), 46.1, 16.2 (d, *Joc 6.5 Hz,
POCH,CHz). *'P NMR (202.38 MHz, DMSO-ds):
&613.6. LCMS: [M + 1]: 371. Anal. Caled. for C16Ha3N,OgP
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(370.34): C, 51.89;: H, 6.26: N, 7.56; P, 8.36. Found: C,
52.00: H, 6.10: N, 7.40: P, 8.68.

Diethvl  5-{methvi-[(2R,3S,45,55)-2,3,4,5, 6-pentahvdro-
xvhexvl]amino}-2-phenvi-1,3-oxazol-4-phosphonate (4) [8].

To a solution of 0.001 mol of compound IIb in 50 mL of
methanol was added 0.0045 mol of N-methyl-D-glucamine.
The mixture was stirred for 6-12 h at a temperature of 18-
25°C. The precipitated N-methyl-D-glucamine hydro-
chloride was filtered off. After the solvent removal, 20 mL
of tetrahydrofuran was added to oily residue. The
precipitate was filtered off. the solvent was removed in a
vacuum, and the reaction product 4 were analyzed without
further purification. Yeild: 90%: [o]p +23.30°% Oil.
IR (film): v = 3346 (O-H), 1605, 1584 (C=N),, 1205 (P=0),
1016, 961 (P-O-C). 'TH NMR (500 MHz, DMSO-ds): §7.83
(d,*J 7.1 Hz, 2H. C¢Hs), 7.49-7.43 (m. 3H, CsHs), 4.93 (br
s, 1H, OH), 4.54 (br s, 1H, OH), 4.45 (br s, 2H, OH), 4.35
(br s, 1H, OH), 4.10-4.00 (m, 4H, 20CH;CH3), 3.98-3.93
(m, 1H, CH), 3.69-3.47 (m, 7H, 2CH,, 3CH), 3.24 (s, 3H,
NCH:), 1.26 (t.°J 7.1 Hz. 6H, 20CH,CH;.). *C NMR
(125.69 MHz, DMSO-ds): & 161.26 (d. %Jec 38.4 Hz,
C omazote).  149.54 (d,*Jec 224 Hz, €2 guarare). 129.51,
129.07, 126.66. 124.91 (CeHs), 98.67 (d. Jec 254.6 Hz,
C* oxazote). 71.81, 71.56, 70.89, 70.24, 63.52, 61.89 (d, *Jec
50 Hz, POCH:CH;3), 55.31, 39.08, 1622 (d,*Jec
6.5 Hz, POCH,CH;). *'P NMR (202.38 MHz, DMSO-ds):
S 14.30. LCMS: 475 [M + 1]. Anal. Calcd. for
Ca0H31N200P (474.44): C, 50.63; H, 6.59; N, 5.90: P, 6.59.
Found: C, 50.91; H, 6.48; N, 5.99; P, 6.60.

General  procedure  for  preparing  2-R-3-[(2-
hvdroxvalkyl)amino]-1, 3-oxazol-4-yitriphenviphosphonium
perchlorates (3, 6, 8).

To a solution of 0.001 mol of compound IT a, b in 50 ml
of methanol was added 0.0035 mol of alkanolamine, the
mixture was stirred for 8 h at 18-25 °C. The solvent was
removed in vacuo to 1/3 volume, 30 ml of methyl rert-butyl
ether was added, stirred and left for 0.5 h, the solvents were
decanted, the oily residue was kept in vacuo until the
solvents were completely removed. 40 ml of water was
added. filtered and 5 ml of saturated aqueous NaClOs was
added to the aqueous solution. The precipitate was filtered
and the compounds 5-8 were purified by recrystallization
from methanol.

[5-(2-Hyvdroxyethvl)amino]-2-phenvi-4-oxazolvi]triphe-
nvlphosphonium perchlorate (5) [9].

Yeild: 81%: colorless solid: mp 180-182 °C. IR (KBr):
v=3437, 3274, 1622, 1584, 1437, 1110, 1063, 725, 690,
621, 566, 518 cm™. 'HNMR (500 MHz, DMSO-ds): &
7.97-7.88 (m, 3H, CsHs), 7.85-7.72 (m, 14H, C¢Hs), 7.55-
7.46 (m, 3H, CgHs), 7.00 (t, 1H, J5.3 Hz, NH), 4.85 (t, 1H,
J 5.3 Hz, OH), 3.49-3.45 (m, 2H, CH»), 3.41-3.35 (m, 2H,
CHy). ®C NMR (100.61 MHz, DMSO-dp): 6 164.37 (d. Jzc
29.3 Hz, C° guazot). 153.30 (d, Jpe 20.5 Hz, C? oxazat). 135.42
(d, Joc 2.9 Hz, C* CgHs), 134.64 (d, Jec 11.0 Hz, C* C6Hs),
130.91, 130.63 (d.Jpc 13.2 Hz, C% CeHs). 129.65, 126.24,
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125.74, 11943 (d, Joc 93.9 Hz, C! CsHs)., 84.15 (d. Jac
153.3 Hz, C* oxazot). 60.22 (CHy). 46.52 (CHa,). P NMR
(202.38 MHz, DMSO-ds): 6 10.70. LCMS: [M-M(ClO4)]":
465.2. Anal. Caled. for CagHasCIN2OgP (564.95): C, 61.65;
H, 4.64; Cl, 6.28; N, 4.96; P, 5.48. Found: C, 61.93; H,
4.71; CL.6.37: N, 5.29; P, 5.63.

[5-(2-Hvdroxvethvl)amino]-2-methvi-4-oxazolvi]triphe-
nvlphosphonium perchlorate (6) [9].

Yeild: 67%: colorless solid: mp 163-165 °C. IR (KBr):
v=3507, 3352, 1626, 1601, 1438, 1107, 724, 690, 621,
583, 546, 522 cm?. T HNMR (500 MHz, DMSO-ds): &
7.91-7.84 (m, 3H, CsHs), 7.78-7.66 (m, 12H, C¢Hs), 6.63 (t,
1H. J 5.6 Hz. NH), 4.74 (t, 1H. J 5.3 Hz, OH). 3.38-3.30
(m, 2H, CH»). 3.20 (m. 2H. NCH»). 2.33 (s. 3H, CHs).
I3C NMR (100.61 MHz, DMSO-ds): & 164.37 (d. Jzc 29.3
Hz. C° oxazot). 153.29 (d. Joc 21.3 Hz, C? geazot), 135.31 (d.
Jec 2.9 Hz, C* CgHs), 134.51 (d. Joc 11.0 Hz, C* CgHs).
130.58 (d. Joc 12.5 Hz. C? CgHs). 119.60 (d. Joc 93.9 Hz.
Cl CsHs), 81.62 (d, Jec 154.8 Hz, C* oxazat). 60.14 (CHy).
46.36 (CHa). 13.85 (CH;). *'P NMR (202.38 MHz, DMSO-
ds): §10.50. LCMS: [M-M(CIlO4)]*: 404.2. Anal. Calcd. for
C24H24CIN2O6P (502.88): C. 57.32:; H. 4.81: Cl, 7.05; N,
5.57: P, 6.16. Found: C, 57.51: H, 5.02: Cl, 7.13: N, 5.89; P,
6.07.

[5-(2-Hvdroxvpropvl)amine]-2-phenvi-4-oxazolvi]tri-
phenviphosphonium perchlorate (8) [9].

Yeild: 77%: colorless solid: mp 194-196 °C. IR (KBr):
v=13509, 3263, 1623, 1584, 1437, 1371, 1163, 1106, 1050,
762, 722, 687, 563, 515 cml. 'H NMR (400 MHz, DMSO-
ds): 57.94-7.87 (m. 3H., CeHs). 7.85-7.74 (m. 12H, CsHs).
7.66-7.58 (m., 2H, CgHs), 7.53-7.47 (m, 3H, CeHs), 7.23 (t, J
4.7 Hz, 1H, NH), 4.55 (br s, 1H, OH), 3.43-3.13 (m, 4H,
2CH»), 1.67-1.56 (m, 2H, CHy). *C NMR (100.61 MHz,
DMSO-ds): & 164.00 (d, Jec 29.3 Hz, C° oxaz01), 152.86 (d.,
Joc 20.5 Hz, C? oxazo), 135.33 (d. Jec 2.9 Hz, C* CsHs),
134.69 (d, Jec 11.0 Hz, C* CgHs), 130.82, 130.58 (d, Jec
13.2 Hz, C? C¢Hs), 129.64, 126.30, 125.67. 119.40 (d, Jzc
93.2 Hz. C! CsHs), 83.79 (d, Jec 154.1 Hz, C* oxazol).
58.54, 41.46, 32.57. *'P NMR (202.38 MHz, DMSO-ds):
S 10.62. LCMS: [M-M(CIOs)]™: 479.2. Anal. Caled. for
C30HasCIN,O6P (578.98): C. 62.23: H, 4.87; CL. 6.12; N,
4.84; P. 5.35. Found: C, 62.49: H, 4.93: Cl, 6.37: N, 5.11: P,
5.21.

5-[(2-hvdroxvethvl)(methvl)amino] -2-phenyi-1, 3-oxazol-
4-vitriphenviphosphonium perchlorate (7) [9].

To a solution of 0.001 mol of compound IIb in 50 ml of
methanol at -20 °C was added 0.26 g (0.0035 mol) of N-
methyl monoethanolamine, the mixture was gently heated
to 0-5°C and maintained at this temperature for 8 hours.
The solvent was removed in vacuo to 1/3 volume, 30 ml of
methyl fert-butyl ether was added, stirred and left for 0.5 h.
the solvents were decanted. the oily residue was kept in
vacuo until the solvents were completely removed. 40 ml of
water was added, filtered and 5 ml of saturated aqueous
NaClO4 was added to the aqueous solution. The precipitate



was filtered and the compound 7 were purified by
recrystallization from methanol. Yeild: 61%: colorless
solid; mp 218-220°C. IR (KBr): v=3494, 1624, 1603,
1585, 1567, 1440, 1396, 1108, 1070, 1021, 992, 755, 723,
692, 620, 560, 518 cm™’. "TH NMR (400 MHz, DMSO-ds): &
7.96-7.84 (m, 9H, C¢Hs), 7.83-7.72 (m, 8H, CsHs), 7.54-
7.46 (m, 3H, CsHs), 4.89 (1, J 4.9 Hz, 1H, OH), 3.51-3.45
(m, 2H, CH»), 3.34 (s, 3H, CH3), 3.27 (t, J 5.4 Hz, 2H,
CHy). ®C NMR (125.69 MHz, DMSO-ds): & 165.31 (d, Jzc
27.6 Hz, C° gxazat), 152.80 (d, Joc 21.1 Hz, C? gxaza). 135.45
(d, Jrc 3.0 Hz, C* CgHs), 134.76 (d. Jac 10.5 Hz, C° C6Hs),
131.00, 130.63 (d, Jec 13.0 Hz, C? CeHs), 129.62, 126.10,
125.69, 120.54 (d, Jec 93.4 Hz, C! C¢Hs), 85.84 (d. Jec
153.6 Hz, C* gxazat), 58.26, 55.71. 3P NMR (202.38 MHz,
DMSO-ds): & 13.97. LCMS: [M-M(CIO4)]™: 479.2. Anal.
Calcd. for C3H23CIN2OgP (578.98): C, 62.23; H, 4.87; Cl,
6.12; N, 4.84; P, 5.35. Found: C, 62.41; H, 5.06; Cl, 6.09;
N. 4.99; P, 5.18.

Biology
In vitro anticancer screening of the tested compounds

One-dose assay

Synthesized compounds 1-8 were submitted to National
Cancer Institute (NCI). Bethesda, Maryland, US, under the
Developmental Therapeutic Program DTP. The cell line
panel engaged a total of 60 different human tumor cell lines
derived from nine cancer types, including lung., colon,
melanoma, renal, ovarian, brain, leukemia, breast and
prostate.

Primary in vifro one-dose anticancer screening was
initiated by cell inoculating of each 60 panel lines into a
series of standard 96-well microliter plates at 5000-40000
cells/well in RPMI 1640 medium containing 5% fetal
bovine serum and 2 mM L-glutamine (day 0). and then
preincubated in absence of drug at 37 °C and 5% CO; for
24 h. Test compounds were then added into the plates at one
concentration of 10 ® M (day 1), followed by incubation for
a further 48 h at the same conditions. Then the media was
removed, the cells were fixed in situ. washed, and dried
(day 3). The sulforhodamine B assay was used for cell
density determination, based on the measurement of cellular
protein content. After an incubation period. cell monolayers
were fixed with 10% (wt/vol) trichloroacetic acid and
stained for 30 min. after which the excess dye was removed
by washing repeatedly with 1% (vol/vol) acetic acid. The
bound stain was resolubilized in 10 mM Tris base solution
and measured spectrophotometrically on automated
microplate readers for OD determination at 510 nm.

Five-dose assay

Compounds which exhibit significant growth inhibition
in the one dose screen were evaluated against the 60 cell
panel at five concentration levels (0.01, 0.1, 1. 10 and
100 uM). The outcomes were used to create three dose-
response parameters (GlIsp, TGI and LCsp) calculated for
each cell line. The GIsp value (50% growth inhibition) is
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measure of the sensitivity of a cell to the effect of the drug,
and corresponds to the concentration of the compound
causing 50% decrease in net cell growth. The TGI (total
growth inhibition) refers to the maximum effect of a drug
and is the concentration of the study drug that causes total
inhibition of cell growth. The LCsy value (cytotoxic
activity) is the concentration of the compound causing net
50% loss of initial cells at the end of the incubation period
of 48 h.

The three dose-response parameters Glsg. TGI and LCsg
were calculated for each experimental compound. Data
calculations were performed according to the method
described by the NCI/NIH Development Therapeutics
Program https:/dtp.cancer.gov/discovery development/nci-
60/methodology.htm.

Growth inhibition of 50% (GIso) is calculated from: [(T-
To)/(C-To)]<100 = 50. The TGI is calculated from: 100x(T-
To)/(C-To) = 0. Thus, the TGI signifies a cytostatic effect.
The LCso. which means a cytotoxic effect, is calculated as:
[(T-To)/To]*100 = -50, where: Ty is the cell count at day 0;
C is the vehicle control (cell count without drug), and T is
the cell count at the test concentration of drug at the end of
the incubation period.

Data analvsis

Statistical Data emalvsis

Statistical analysis of the results and the histograms was
performed by means of the program of Statistica v 6.0 for
Windows. Statistically significant difference between two
groups were evaluated using the unpaired Student t-test (p <
0.05). The data are given as means £ SEM (standard error
of mean).

COMPARE correlations

The graph of mean values for each of test compounds 5,
7 and 8 was subsequently used to run the COMPARE
algorithm from the Developmental Therapeutics Program
(NCI) and calculate the correlation coefficient
(https://dtp.cancer.gov/databases_tools/compare.htm) with
respect to compounds from the standard agent database with
a known mechanism of action. Pairwise correlation
coefficients of greater than 0.5 were used as the cut-off for
assessing whether two agents were likely to share a similar
mechanism of action. Briefly, the GIsp, TGI and LCsp
concentration vectors for the test compound were compared
to those from the complete public database of standard
agents.

References

1. Yan X; Wen, J: Zhou. L; Fan, L.; Wang, X ; Xu, Z. Current scenario
of 13-oxazole derivatives for anticancer activity. Curr. Top Med.
Chem. 2020. 20, 1916-1937.

Zhirnov, V.V Velithina, Y.S: Mitiukhin, OP.; Brovarets, V.S
Intrinsic drug potential of oxazolo[5,4-d]pyrimidines and oxazolo[4,5-
dlpyrimidines. Chem. Biol. Drug Des. 2021, 98, 561-581.

Semenyuta, ILV.; Kobzar, O.L; Hodyna, D.M.; Brovarets, V.S
Metelytsia, L.O. In silico study of 4-phosphorvlated derivatives of



ISSN 1814-9758. Ukr. Bioorg. Acta, 2023, Vol. 18, N 1

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

13-0xazole as inhibitors of Candida albicans fructose-1.6-
bisphosphate aldolase I1. Helivon. 2019, 5. e01462.
Nizhenkovska, IV Matskevych, KV.; Golovchenko, O.I;

Golovchenko, O.V.; Kustovska, AD.; Van, M New Prospective
Phosphodiesterase Inhibitors: Phosphorylated Oxazole Derivatives in
Treatment of Hypertension. 4dv. Pharm. Bull. 2023, 13, 399-407.
Brusnakov, M.; Golovchenko, O.; Velthina, Y. Liavynets, O.;
Zhirnov, V.. Brovarets, V. Evaluation of anticancer activity of
1.3-oxazol-4-ylphosphonium salts in vifro. Chem. Med. Chem. 2022,
17,e202200319.

Abdurakhmanova, ER.; Brusnakov, MLY; Golovchenko, O.V_; Pilyo,
S.G.; Velychko, N.V.; Harden, E A Prichard MN. James, SH:
Zhirnov, V.V.; Brovarets, V.S. Synthesis and in vitro anticytomegalo-
virus activity of 5-hydroxvalkyvlamino-1,3-oxazoles derivatives. Med.
Chem. Res. 2020, 20, 1669-1675.

Abdurakhmanova, ER.; Lukashuk, EI; Golovchenko, AV
Brovarets, V.S. Synthesis and properties of 4-phosphorylated of
5-hydroxyalkylamino-1,3-oxazoles. Russ. Jorn. Gen. Chem. 2016, 56,
1584-1596.

Abdurakhmanova, ER.; Lukashuk, EI: Golovchenko. AV Pil'o.
S.G.; Brovarets, V.S, N-methyl-D-glucamine-derived 4-substituted
1.3-o0xazoles. Russ. Jorn. Gen. Chem. 2015, 85, 851-856.
Golovchenko, O.V.; Abdurakhmanova, ER.; Vladimirov, S.O_;
Brusnakov, MY.; Krupoder, T.O.; Sukhoveev, V.V.; Rusanov, EB.;
Vydzhak, RN.; Brovarets, V.S. Interaction 1-acylamino-2.2-dichloro-
ethenyl(triphenyvl)phosphonium  chlorides  with  alkanolamines.
Phosphorus Sulfiur Silicon Relat. Elem. 2020, 105, 848-857.

Mukaka, M M. Statistics corner: A guide to appropriate use of
correlation coefficient in medical research. Malawi Med. J. 2012, 24,
69-71.

Goldberg, IH.; Friedman, P.A. Specificity in the mechanism of action
of antibiotic inhibitors of protein and nucleic acid synthesis. Pure Appl.
Chem. 2009, 28499524

Murase, H.; Noguchi, T.; Sasaki, S. Evaluation of simultaneous
binding of Chromomycin A3 to the multiple sites of DNA by the new
restriction enzyme assay. Bioorg. Med. Chem. Lerr. 2018, 28, 1832-
1835.

Saranaruk, P.; Kariya, R Sittithumcharee, G_; Boueroy, P.; Boonmars,
T.; Sawanyawisuth, K.; Wongkham. C.; Wongkham_ S.; Okada, S.;
Vaeteewoottacharn. K. Chromomycin A3 suppresses cholangio-
carcinoma growth by induction of S phase cell cycle arrest and
suppression of Spl-related anti-apoptotic proteins. Int J Mol Med.
2020, 45, 1005-1016.

Garreau de Loubresse, N_; Prokhorova, I.; Holtkamp, W.; Rodnina, M ;
Yusupova, G.; Yusupov, M. Structural basiz for the inhibition of the
eukaryotic ribosome. Narure. 2014, 513, 517-522.

. Pellegrino, S.; Terrosu, S.; Yusupova, G.; Yusupov, M. Inhibition of

the Eukaryotic 80S Ribosome as a Potential Anticancer Therapy: A
Structural Perspective. Cancers (Basel). 2021, 13, 4392.

Chan, J; Khan SN Harvey, I; Merrick, W.; Pelletier, J. Eukaryotic
protein synthesis mhibitors identified by comparison of cytotoxicity
profiles. RNA. 2004, 10, 528-543.

Westendorf, I.; Groth, G.; Steinheider, G.; Marquardt, H. Formation of
DNA-adducts and induction of DNA-crosslinks and chromosomal
aberrations by the new potent anthracycline antitumor antibiotics:
morpholinodaunomycin, cyanomorpholinodaunomyein and
cyanomorpholinoadriamyein. Cell Biol Toxicol. 1985, 1, 87-101.
Coley, HM.; Brooks, N.; Phillips, D.H.; Hewer, A Jenkins, T.C,
Jarman, M ; Judson, L.R. The role of the N-(hydroxymethyl)melamines
as antitumour agents: mechanism of action studies. Biochem
Pharmacol. 1995, 49, 1203-1212.

Tutsch, KD.; Arzoomanian, R.Z; Alberti D Tombes. MB.
Feierabend. C.; Robins, HI; Spriggs, D.R.; Wilding, G. Phase I
clinical and pharmacokinetic study of an one-hour mfision of
ormaplatin (NSC 363812). Invest New Drugs. 1999. 17, 63-72.
Rabbani, A; Finn. RM; Ausio, J. The anthracycline antibiotics:
antitumor drugs that alter chromatin structure. Bioessays. 2005, 27, 50-
56.

Rivankar, S.J. An overview of doxorubicin formulations in cancer
therapy. Cancer Res Ther. 2014, 10, 853-858.

Finocchiaro, G.; Actinomyein, D. A new opening for an old drug.
Neuro Oncol. 2020 Sep 29, 22, 1235-1236.

Burgers, L.D.; First, R. Natural products as drugs and tools for
mfluencing core processes of eukaryotic mRNA  translation.
Pharmacol Res. 2021, 170. 105535,

Juette, MF.; Carelli, JD.; Rundlet. EJ: Brown, A Shao. S;
Ferguson, A ; Wasserman, M.R.; Holm_ M.; Taunton. J.; Blanchard, S.
C. Didemmn B and ternatin-4 differentially inhibit conformational
changes in eEF1A required for aminoacyl-tRNA accommodation into

40

(=]
th

26.

27.

28.

mammalian ribosomes. eLife. 2022, 11, eR1608.

. Forrest, M.D. Why cancer cells have a more hyperpolarised

mitochondrial membrane potential and emergent prospects for therapy.
BioRxiv. 2015, 025197.

Pawar, A ; Korake, S.; Pawar, A ; Kamble, R. Delocalized lipophilic
cation triphenyl phosphonium: promising molecule for mitochondria
targeting. Curr Drug Deliv. 2023, 20, 1217-1223.

Dong, L; Gopalan, V.; Holland, O.; Neuzil. J. Mitocans revisited:
mitochondrial targeting as efficient anti-cancer therapy. Int. J. Mol. Sci.
2020. 21, 7941.

Huang, M.; Myers, CR.; Wang, Y.; You. M Mitochondria as a novel
target for cancer chemoprevention: emergence of mitochondrial-
targeting agents. Cancer Prev Res (Phila). 2021, 14, 285-306.

29.Trnka, J.; Elkalaf M Andél, M. Lipophilic triphenvlphosphonium

30.

31.

cations inhibit mitochondrial electron transport chain and induce
mitochondrial proton. leak. PLoS One. 2015, 10, e0121837.

Fialova, J.L.; Raudenska, M.; Jakubek, M.: Kejk. Z.; Martasek, P
Babula, P.; Matkowski, A Filipensky, P.; Masarik, M. Novel
Mitochondria-targeted Drugs for Cancer Therapy. Mini Rev. Med.
Chem. 2021, 21 816-832.

Allemailem. K.S:; Almatroud:, A ; Alsahli, M A ; Aljaghwani, A El-
Kady, AM; Rahmam, AH; Khan A A Novel Strategies for
Disrupting Cancer-Cell Functions with Mitochondria-Targeted
Antitumor Drug-Loaded Nanoformulations. Int J Nanomedicine. 2021,
16,3907-3936.



0.5, Bahrieieva, O.V. Golovchenko et al.

Hogi docdoprmiroBaHi S-(TiIpoKciaTkiIaMiHoO)-1,3-0Kca30I1 K MOTEHITIHHI
MPOTHITYXJIHHHI areHTH

0.C. Barpeesa’. O.B. T'onosuerxo'~, O.I. Tonosuerko’, B.B. JKupros', B.C. Bposapens'

! Incmumym Gioopeasniunot ximil ma Hagmoxiuii is. B.IT Kyxapa HAH Vxpainu, Kuis, Vipaita
? Hayionanesuil Medusnuil yrigepcumem imeni O.0. Bozomonwya, Kuls, Vipaina

Pesrone: BiciM HOBHX docdopHIBOBaHHX 5-(TIpoKCIaIKiTaMiHO)-1.3-0Kca3omE OVIH po3poOleH] Ta HepeBlpeH] Ha X 3JaTHICT NPHTHIYVBATH pICT
PaKoBHX KMTHH 1[I CHOTYKH ONIHIOBATH NPOTH IOBHHX KITHHHHX TiHIA OyXIHEH momusx NCI-60. Jlume 3 CHOTVEM HOKa3alH MPOTHIVXIHHHY
aKTHBHICTb B AHATI31 OJHOPA30BOI J03H, K1 OVIH B34T1 B AHATI31 IT'ATH 103. CroaveH 7 1 8 MoKasalH OJHAKOBY CepelHI0 aHTHIPOTidepaTHBHY aKTHBHICTE
1 IHTOTOKCHYHICTE IPOTH Iy TIMBHX KIITHHHHX MHIA 3araneHoi nasem. OIHAK cIolyka 8 BHABHIA NHTOTOKCHYHICTD J714 OUTBINOT KLTBKOCTI TIHIA, HIE 7.
3a BCIMa IapaMeTpPaMH Il CHOTYKH OVIH OLTBII aKTHBHHMH, HUK CIOTVKH 5. Cnomykl 7 1 8 TakoX MOKasalH BHCOKY Ta MOJI0HY aHTHOpOmidepaTHBHY
AKTHEHICTE V Jiana3oHi KoHUeHTpamii GIS0: 1-6 i TGI: 6-14 MM mpoTH Beix cyOmaHenel. IX UHTOTOKCHUHICTE OYIa B JianasoHi KOHIEHTpaih 25-54
MeM. Coodvka 5 mokasanga TaKy K aKTHEHICTB, 33 BHHATKOM CyONaHem JefikeMil, HeIpiOHOKTITHHHOTO PAKy JIeTeHIE 1 PaKy AeUHHKIE, OPOTH AKHX IX
aKTHBHICTE OV HI:ET0:0. [IpH aHATI31 CTPYKTYPH-AKTHBHOCTI BHABHIIOCH, MO cepel hocdopHIb0BaHNK MOXITHHX 0KCa30Iy NPOTHIYXIHHHY aKTHBHICTE
BHABIIAIOTE [HINE CIIONVEKH, SKI MICTHTH KaTioH TpHbeHiTdocdoHI0 (TDP+) v 4-My MOTOKEHH! OKCa30IBHOTO IHETY. KpiM Toro, saMiHa (eHLIBHOTO
pagHKaza v 2-My IOIOKeHHI OKCA3ONBHOIO CKeleTa Ha MeTHIBHHH panuEaTl NPH3BOIHIA 10 3HHKHeHHA akTHBHOcTL AmroputM COMPARE su4BIE
BHCOKY KOpelAllll0 aHTHNPOi(epaTHBHOI aKTHBHOCTI JOCILULAVBAHHX CIOIYVK 3 MPOTHIYVXIHHHHMH areHTaMH (LIAHTOSHIOM 1 XpOMOMIINHHOM A3 v
BexTopl GISO 1 moMipHY 3 dinanTosHIOM ¥ BekTopl TGIL MimeHHR BCIX CTAHIAPTHHX NIPeNapaTiB, K1 KOPeTHORTh 3 HHTOTOKCHYHICTIO JOCIULKYBAHHK
CIOIVE, 33 BHHATKOM AidemHiHY, ¢ JHK. Ha BUIMIHY BII CTAHIAPTHHX CNOJIVE, CHHTe30BaHI aKTHBHI CIOIVEH HecYTh JelokamsosaHuii TPP+, gxuil
JocTaBIde X MepeBakHO IO MITOXOHIPIH 3a3BISKH 3HAYHO OLTBIIOMY TiNepHONSpH30BAHOMY IIOTEHIIATY MITOXOHIPIATBHOI MeMOpaHH B DPaKOBHX
KTTHHAX, HUK ¥ HOpMambHHX. ToMy X NpOTHNVXIHHHa aKTHBHICTh, INBHINIE 33 BCe, SYMOBJIeHAa MOPYVIISHHAM CTPYKTYPHO-(DVHKINOHATBHOTO CTaHY
OCTaHHIX Jepe3 BIPVYaHHS B IXHIH BHYIPIMIHIA OLTOKCHHTE3VIOUHE anapaT MITOXoHApiH. OTpHMaH] 13l JO3BOISIOTE POSIIAIATH 5 -TIAPOKCIAIKII-2MIHO-
1.3-okcasomn, HanosHeH! TFP+, 9K IPOB1IHI CIIOMVKH /14 IIOJaTbIIOro NOIIHOISHOT 0 BHEUEHHS Ta CHHTe3Y HOBHX TPP+-EMICHHX NOXITHHX 1.3 -OKcasomy
3 IPOTHITYX.THHHOK AKTHBHICTEO.

Krouosi ci1oBa: Gocoprabosan! 5-TIAPOKCIaIKIIAMIHO-1,3-0KCa30/IH; CHHTe3; IPOTHIVXIHHHEA aKTHEHICTE, HOPIBHAHHS KOpPeIamH.
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