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Objectives. With the development and improvement of new delivery systems for substances of
various natures, organophosphorus compounds with an antimetabolic mechanism of action have
become relevant again. A few examples of them are organophosphorus analogs of carboxylic acids,
such as N-phosphonacetyl-L-aspartate (PALA) and N-phosphonacetyl-L-isoasparagine, both of
which are bio-rationally developed analogs of the transition state of carbamoylaspartate in the
biosynthesis of pyrimidine bases, which is catalyzed by the enzyme aspartate transcarbamoylase
(ATCase). Despite their high activity, these compounds have not found widespread use as
anticancer agents due to a large number of side-effects and low bioavailability. Given the
emerging opportunities for the delivery of phosphate and phosphonate derivatives into target
cells, obtaining more effective analogs of PALA seems to be an interesting and promising research
objective. The goal of the present study was thus to synthesize and study the biological activities
of novel PALA analogs that are derivatives of phosphonacetic acid.

Methods. For directed work within the framework of the study, we used the molecular docking
method, which allowed us to simulate the binding of N-(a-diethoxyphosphorylcyclopropylcarbonyl)-
substituted amino acids to ATCase. The target compounds were synthesized using classical
methods of organic synthesis. The obtained compounds’ cytotoxicity was probed in relation to cell
lines of human breast cancer (MDA-MB-231), skin cancer (A-375), and glioblastoma (U-87 MG).
Results. The synthesis of eight novel N-(a-diethoxyphosphorylcyclopropylcarbonyl)-substituted
amino acids was carried out. A few of the synthesized derivatives were tested for anticancer
activity, but none displayed significant cytotoxicity.
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Conclusions. N-(a-diethoxyphosphorylcyclopropylcarbonyl)-substituted amino acids are synthetically
available analogs of PALA, a compound capable of strong interaction with ATCase. However, the
compounds synthesized in this work did not display any pronounced anticancer properties.
One of the reasons for the observed low activity may be the presence of ether groups in the
phosphonate building block.

Keywords: phosphonocarboxylic acids, N-phosphonacetyl-L-aspartate (PALA), aspartate
transcarbamylase (ATCase), a-diethoxyphosphonacetic acid, a-diethoxyphosphorylcyclopropyl-
carboxylic acid, N-(a-diethoxyphosphorylcyclopropylcarbonyl)lamino acids.
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N-pochonaneruni-L-acnaprara
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IMenu. C pazsumuem u coeepuleHCmaeo8aHuem HO8bLX cucmem 00CmasKi 015l 8eUlecme pasiuu-
HO20 XapaxKmepa, 8H08b Npuobpemarom aKmyanrbHOCmMb PocgopopeaHuueckue cCoeOUHeHUSsL C AH-
mumemaboAUMHbIM MexaHUuzmom oeticmaust. K HUM MOXHO omHecmu, Hanpumep, gpocghopop-
2aHuUuecKkue anano2u KapboHosvlx kKucaom, makue kak N-gpocporauemun-L-acnapmam (PALA)
u N-gpocpoHauemun-L-usoacnapazuH, sgasoujuecss OUOPAUUOHANTbHO pA3pabOMAHHbLMU AHA-
Jl02aMU Nepexoo0H020 COCMOsIHUS kKapbamounacnapmama 8 peakyuu buocuHmesa NUPUMUOUHO-
8blX OCHOBAHUL, KOMOpAsk KAMAAUIUPYemest hepMeHmom acnapmam-mpaHcKapoamounasoti
(ATCase). Hecmompsi HQ 8blCOKYI0 AKMUBHOCMb 9MU COeOUHEHUS. He HAULAU ULUPOKO020 NPUMEHe-
HUs U3-3a 601bUL020 Koauuecmaa nobouHsblx agpcpexmos u Huskoii b6uodocmynrocmu. C yuemom
OMKPbLEAIOULUXCSL 803MO2KHOCMET no docmaeske pocdhamHblX U POChOHAMHBIX NPOUIBOOHBLX 8
KAemKu-MutleHu, noayueHue bonee sgpgperxmueHolx aHanozoe PALA kaxcemcsi uHmepecHol U
nepcnekmugHol 3adaueti. [Toamomy uesvro OGHHOU pabompl S8ASNUCL CUHME3 U UCCAe008aAHUe
buosiozuuecKkoll aKMuU8HOCMU HO8bLX NPOU3BOOHbLLX (hochoHYyKCYCHOTU Kuciomosl — N-(a-dusmorcu-
ochopunyurionponunKapOoOHUN)-30MeULEHHBIX aMUHOKUCIOM — aHanozoe N-¢hochoHoaue-
mun-L-acnapmama (PALA).

Memoovt. /15 HanpagieHHOU pabombl 8 pamMKax UCCAe008AHUSL NPUMEHSLIU Memo0 MONEKY-
JPHO20 O00KUH2a, KOMOpblil noseosisiem cmooenuposams cessvleaHue N-(a-dusmorcugpocgo-
PUNUUKSIONPONUNKAPOOHUN)-3AMEULEHHBIX AMUHOKUCIOM C ACNapmam-mpaHcKapoamounasoi.
Ileneevle coeduHeHUsl ObLAUL CUHME3UPOBAHLL C UCNONBL308AHUEM KIACCUUECKUX MemOo008 op2a-
Huueckoeo cuHmesa. MccnedogaHue yumomoKcuuHocmu npogoouau No OMHOUEHUI K Klemoy-
HbIM JIUHUSIM paka MOJouHOU skenesel uenogexa (MDA-MB-231), paka koxxu (A-375) u 2nuo-
6racmomst (U-87 MG).

Pesynemamet. B pamkax pabomsl 6bL1 ocyuiecmener cuHmes 8ocbmu Hogolx N-(a-ousmorcu-
ochopunyurionponunkapboHuUN)-3aMeUeHHbIX amuHokucriom. HeenedosaHue psioa cuHmesu-
POBAHHBLX NPOU3BOOHBLX HO NPOMUBOPAKO8YH AKMUBHOCMb HE 8bl8UJ0 3HAUUMO20 NPOSI8NEeHUSL
UUMOMOKCUUHOCMU.

Buieodsl.  N-(a-0usmokcugochopunyuicionpoOnUNKapOOHUN)-3aMeUleHHble  AMUHOKUCIOMbL
npedcmassnsitom coboii cuHmemuuecku docmynHole aranoeu PALA, cnocobHble K 6oiee cutbHO-
My e3aumoodeticmeuro c ATCase. Tem He meHee cuHmMe3uposaHHble 8 0AHHOU pabome coeOuHeHUs.
He NPOSBUU 8blLPAIEHHBIX NPOMUBOPAK08blLX cgolicma. OOHOU U3 NPUUUH HUSKOU aKmugHocmu
Mookem bblmb HauuUue 9PUPHBLX 2pynn 8 hochOHAMHOM CMPYKMYPHOM d/1eMeHme.
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Knroueevle cnoea: pochoHkapboHosble kucniomol, N-cpochorauemun-L-acnapmam (PALA),
acnapmam-mpaxckapbomounasa (ATCase), ousmorcugocgopunykcycHas Kucioma, a-ou-
amoxkcugocgopunyurnonponaHkapborosass kucaoma, N-(a-Ousmorcugpocgopunyurionpo-
nuaKapboHuU)-3ameu eHHble AMUHOKUCIOMbL.

Jna yumuposanus: Kyzsmun W.C., FOpbes JI.YO., Tonopkos I'.A., Kanuctparosa A.B., KoBanenko JI.B. Cunres u 6uomnoru-
YecKasi akTHBHOCTb N-(0-THITOKCHU(POCHOPUITITUKIONPONMIKAPOOHUIT)aMUHOKHCIIOT — CTPYKTYPHBIX aHanoroB N-(ocdonareru-
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INTRODUCTION

Antineoplastic drugs with an antimetabolic
mechanism of activity have become established
in the practice of oncological disease treatment.
Although these drugs differ in structure, intracellular
metabolism, and mechanism of cytotoxic action,
all of them, in one way or another, are analogs of
natural metabolites, and they are able to compete
with these metabolites, both with respect to transport
pathways into the cell and participation in key
enzymatic processes. Antimetabolites of nucleic acid
biosynthesis are especially relevant for the treatment
of oncological diseases.

A promising anticancer drug identified in the 1980s
was N-phosphonacetyl-L-aspartate (PALA) 1, which
was developed as a result of the bio-rational approach
(Fig. 1). In fact, the anticancer activity of PALA is
based on its structural similarity with the transition
state of carbamoyl aspartate, which is involved in the
biosynthesis of pyrimidine bases catalyzed by aspartate
transcarbamoylase (ATCase) [1-4].

PALA showed high activity against solid
tumors and passed two phases of clinical trials

[5, 6]. Unfortunately, as is true for many other
organophosphorus compounds, the high in vitro
activity of PALA was not reproduced in vivo due
to the low bioavailability of this compound and
the large number of side-effects associated with its
administration [7, 8]. Therefore, the synthesis of new
derivatives of phosphonacetic acid with potential
anticancer activity and improved pharmacological
properties is of high research interest.

Known derivatives of phosphonacetic acid, which
are structural analogs of PALA, include compounds
2—4, whose structures are reported in Fig. 2. These
compounds have a lower total charge and improved
pharmacological properties than PALA, but they also
display significantly lower activity than the mentioned
species [9].

Considering the structural similarity of the PALA
totheintermediate of carbamoylaspartate biosynthesis,
we assumed that the key significance to increase the
biological activity of phosphonacetic acid derivatives
was the value of the optimal P-C bond angle,
which will ensure the stability of the conformation
most favorable for the formation of a complex with
the active center of the enzyme. Additionally, we
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Fig. 1. Structural similarity between N-phosphonacetyl-L-aspartate
and the intermediate of carbamoylaspartate biosynthesis.
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Fig. 2. Structural formulas of N-phosphonacetyl-L-aspartate analogs.

considered a pronounced hydrophobic fragment in
the structure of a molecule due to the presence of
a “hydrophobic pocket” in the ATCase structure,
which will increase the strength of the binding
between enzyme and the substrate. These objectives
may be achieved introducing bulky substituents on
the carbon atom of the phosphonoacetate skeleton.
Cyclopropanyl-substituted phosphonacetic  acids
are interesting from the standpoint of synthetic
accessibility, variation of the P—C bond angle, and
the content of the hydrophobic fragments. In fact, the
synthesis and investigation of the anticancer activity
of this family of compounds were carried out within
the framework of the present study.

MATERIALS AND METHODS

Chromato-mass spectrometric analyses were
conducted on a Thermo Fisher Scientific Surveyor
MSQ (Thermo Fisher Scientific, USA) with a
Phenomenex Onyx Monoliythic C18 25 x 4.6 mm
high performance liquid chromatography column
(Phenomenex, USA). A two-component mixture of a 0.1%
solution of formic acid and acetonitrile (solvent—100%
dimethyl sulfoxide (DMSO), gradient elution, flow rate
= 1.5 mL/min, temperature = 25°C, type of ionization
used at atmospheric pressure: electrospray) was used
as mobile phase. Nuclear magnetic resonance (NMR)
'"H spectra were recorded on a Varian MercuryPlus
400 instrument (Varian, USA) (CDCI,, DMSO-d,,
tetramethylsilane as internal standard). Melting
points were determined on a Stuart SMP20 apparatus
(Stuart, UK). For thin layer chromatography, we
used Merck Thin Layer Chromatography Silica gel
60 F,,, aluminum plates (size 10 x 20 cm) (Merck,
Germany). For column chromatography, we used
Merck silica gel 60 with a particle size of 0.015 mm
to 0.040 mm. A CEM DU 9369 microwave reactor
(CEM Corporation, USA) was used to carry out
reactions under microwave irradiation.

DMSO was distilled over calcium hydride before
use; dibromoethane was distilled under reduced
pressure; the amino acids used were not pre-purified;
triethylamine was distilled over KOH; triethyl
phosphite was not pre-purified; extraction solvents
were used without any prior treatment.

EXPERIMENTAL

Preparation of triethyl ester of phosphonoacetic
acid (5).

In a septum-equipped 10-mL test tube suitable
for use in a microwave reactor were placed 3.32 g
(0.02 mol) of triethyl phosphite and 2.45 g (0.02 mol) of
the ethyl ester of a-chloroacetic acid. The reaction was
carried out under 250-W-power microwave irradiation
and a temperature of 170°C for 1 h. The isolation of the
final product was conducted by vacuum distillation on
an oil pump with a yield of 3.85 g (86%). 7, , = 110°C
(0.1 mm Hg). 'H NMR spectrum (400 MHz, DMSO-d,):
d (ppm) 4.07 (dq,J=15.1,7.1 Hz, 6H), 3.10 (d, /=21.4 Hz,
2H), 1.22 (dt, J=18.4, 7.1 Hz, 9H).

Preparation of a-diethoxyphosphorylcyclopropane
carboxylic acid ethyl ester (6).

In a 500-mL flat-bottom flask were mixed together
15 g (0.067 mol) of crushed KOH and 100 mL of
freshly distilled DMSO. Under stirring, to the resulting
suspension were added dropwise in succession 7.48 g
(0.03 mol) of diethoxyphosphonoacetic acid ethyl ester
and 25.19 g (0.268 mol) of dibromoethane. Another 170 mL
of DMSO were then added to the reaction mixture. The
resulting suspension was stirred at room temperature
for 72 h. In order to separate the reaction products from
DMSO, 200 mL of water were added to the reaction
mixture, and an extraction was performed using diethyl
ether (three consecutive extractions, with 100 mL of
solvent at a time) and then chloroform (two consecutive
extractions, with 100 mL of solvent at a time). The
resulting organic phases were dried over Na,SO,, filtered
off, combined, and concentrated on a rotary evaporator.
The final product was isolated by vacuum distillation on
an oil pump with a yield of 5.60 g (67%) . T, , = 110-115°C
(0.1 mm Hg). "H NMR spectrum (400 MHz, DMSO-d,):
o (ppm) 4.16-3.96 (m, 6H), 1.38-1.27 (m, 1H), 1.21
(dt, J=16.0,7.1 Hz, 1H).

Preparation of a-diethoxyphosphorylcyclopropane
carboxylic acid (7).

In a 500-mL flat-bottom flask, 20.573 g (0.08 mol)
of  diethoxyphosphorylcyclopropanecarboxylic — acid
ethyl ester and 140 mL of 1N (0.14 mol) aqueous KOH
solution were added. The mixture thus obtained was
stirred for 30 min at room temperature, and it was then
acidified with a 20% H,SO, to reach a pH of about 2
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(controlled by litmus paper). The mixture was then
stirred at room temperature for an additional 30 min. In
order to isolate the target compound, an extraction with
chloroform (four consecutive extractions, with 50 mL of
solvent at a time) was performed. The resulting organic
phases were dried over Na,SO,, filtered off, combined,
and concentrated on a rotary evaporator. The product
was purified by recrystallization from diethyl ether with
the addition of hexane. White hygroscopic crystals with
a yellowish tint weighing 10.7 g were thus obtained, for
a reaction yield of 60%. The product’s melting point was
85-87°C. 'H NMR spectrum (300 MHz, DMSO):
S (ppm) 4.16 (dq, J = 14.2, 7.1 Hz, 4H), 1.45-1.38 (m,
4H), 1.35 (t,J=17.0 Hz, 6H).

Preparation of a-diethoxyphosphorylcyclopropane-
carboxylic acid chloride.

In a 25-mL flask were placed 5 g (0.023 mol) of
a-diethoxyphosphorylcyclopropanecarboxylic acid and
7 mL (0.23 mol) of SOCI,. The mixture thus obtained was
heated under stirring at 50°C for 1 h until gas evolution
from the reaction mixture ceased; subsequently, excess
SOCI, was distilled off in a water-jet pump vacuum. The
resulting acid chloride was immediately added to the
acylation reaction without preliminary purification.

Procedure for the synthesis of a-diethoxyphosphoryl-
cyclopropanecarboxylic acid amides 8—11.

In a 100-mL three-neck flask equipped with a
thermometer, a dropping funnel, and a reflux condenser
comprising a calcium chloride tube, were placed 0.014 mol
of dry amino acid ethyl or methyl ester hydrochloride,
after it had been ground it in a porcelain dish. About 30 mL
of chloroform was then added to the reaction flask, and
0.04 mol of triethylamine were added under stirring using
a pipette. The reaction mixture was cooled to 0°C in a
bath with ice and salt and stirred for 0.5 h. Afterwards,
0.014 mol of a-diethoxyphosphorylcyclopropanecarbox
ylic acid chloride were added using a dropping funnel,
while not allowing the temperature of the mixture to
rise above 5°C. After adding the entire amount of acid
chloride, the mixture was stirred for another 0.5 h at
room temperature. The solvent of the reaction mixture
was then evaporated on a rotary evaporator, and to the
residue were added 100 mL of ethyl acetate; the mixture
thus obtained was stirred for 10 min at room temperature,
and the triethylamine hydrochloride was filtered off. The
solvent of the resulting filtrate was again evaporated on a rotary
evaporator. A viscous yellow-orange liquid was obtained. The
product was purified by column chromatography on silica gel
using ethyl acetate as eluent. A viscous liquid characterized by
a bright yellow color was obtained.

N-(a-diethoxyphosphorylcyclopropylcarbonyl)-
glycine ethyl ester (8), 3.18 g (74%) yield.

'H NMR spectrum (400 MHz, DMSO-d,): 8 (ppm)
8.04 (t,J=5.5Hz, 1H), 4.20-4.04 (m, 6H), 3.94 (d,J=5.7 Hz,
2H), 1.29 (t, J= 7.1 Hz, 9H), 1.26-1.13 (m, 4H).

Liquid chromatography—mass spectrometry (LC—MS)
data, m/z (1, %): exp. 308.062 [MH]", 100%; calc. 308.29
[MH]".

N-(o-diethoxyphosphorylcyclopropylcarbonyl)-
aspartic acid dimethyl ester (11), 3.88 g (76%)
yield. 'H NMR spectrum (400 MHz, DMSO-d,): & (ppm)
8.19(d,J=7.9 Hz, 1H), 4.74 (dt,J=17.9, 5.5 Hz, 1H), 4.08
(dg,J=11.3,7.1 Hz, 4H), 3.64 (d, /= 14.3 Hz, 6H), 2.93-2.74
(m, 2H), 1.30-1.22 (m, 6H), 1.22-1.06 (m, 4H).

LC-MS data, m/z (I, %): exp. 366.108 [MH]*, 100%;
calc. 366.13 [MH]".

N-(o-diethoxyphosphorylcyclopropylcarbonyl)-
methionine ethyl ester (9), 3.38 g (77%) yield.
'H NMR spectrum (400 MHz, CDCL,): 6 (ppm) 8.05 (d,
J=175Hz, 1H), 4.67 (td, J= 7.4, 4.9 Hz, 1H), 4.17 (m,
4H), 3.74 (s, 3H), 2.58-2.46 (m, 2H), 2.17 (tt, J = 14.2,
6.3 Hz, 1H),2.08 (s, 3H), 2.06—1.95 (m, 1H), 1.51-1.42
(m, 2H), 1.35 (q, J = 7.3 Hz, 6H), 1.31-1.22 (m, 2H).

LC-MS data, m/z (1, %): exp. 354.336 [MH]", 100%;
calc. 354.38 [MH]".

N-(o-diethoxyphosphorylcyclopropylcarbonyl)-
v-aminobutyric acid methyl ester (10), 3.77 g
(84%) yield. "H NMR spectrum (400 MHz, DMSO-d,):
d (ppm) 7.71 (t,J = 5.5 Hz, 1H), 4.21-3.98 (m, 4H), 3.62
(s,3H),3.16 (q,J=6.5 Hz, 2H), 2.42-2.29 (m, 2H), 1.70 (p,
J=7.1Hz, 2H), 1.28 (t,/=7.0 Hz, 6H), 1.24-1.01 (m, 4H).

Hydrolysis of the esters of N-(a-diethoxyphosphorylcyclo-
propylcarbonyl)amino acids 12—15.

6.51 mmol of the ester of the N-(a-diethoxyphosphoryl-
cyclopropylcarbonyl) amino acid was placed in a 50-mL
flat-bottom flask; 7.9 mmol of KOH in the form of a
1 M solution were then added to the mixture under
stirring. Stirring was carried out for another 24 h at
room temperature. The potassium salt solution was then
acidified with 20% HCI to reach a pH of about 3, and
it was then stirred for 30 min at room temperature. At
the end of the reaction, the solvent was removed by
evaporation on a rotary evaporator. 50 mL of isopropyl
alcohol were added to the resulting mixture, and the
thus-formed precipitate was separated. The filtrate
was concentrated on a rotary evaporator and cooled
in a freezer until the desired product was observed to
precipitate in crystalline form.

N-(a-diethoxyphosphorylcyclopropylcarbonyl)-
glycine (12), 1.27 g (70%) yield. Melting point:
75-77°C. '"H NMR spectrum (400 MHz, DMSO-d,):
S (ppm) 7.94 (t,J=5.5 Hz, 1H), 4.19-4.01 (m, 4H), 3.83 (d,
J=5.5Hz, 2H), 1.24 (t,J=7.0 Hz, 6H), 1.22-1.00 (m, 4H).

LC-MS data, m/z (I, %): exp. 279.97 [MH]", 100%;
calc. 280.24 [MH]".

N-(o-diethoxyphosphorylcyclopropylcarbonyl)-
aspartic acid (15), 1.18 g (54%) yield. '"H NMR spectrum
(400 MHz, DMSO-): 6 (ppm) 8.32 (s, 1H), 8.13 (d,/= 7.8 Hz,
1H), 4.58 (dt, /=79, 5.0 Hz, 1H), 4.12-4.02 (m, 4H), 2.82-2.63
(m, 2H), 1.29-1.21 (m, 6H), 1.21-1.13 (m, 4H).
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LC-MS data, m/z (I, %): exp. 338.111 [MH]", 100%;
calc. 338.27 [MH]".

N-(a-diethoxyphosphorylcyclopropylcarbonyl)-
methionine (13), 1.56 g (68%) yield. 'H NMR spectrum
(400 MHz, CDCL,): 6 (ppm) 8.00 (d, /= 7.3 Hz, 1H), 4.65
(td,J=7.2,5.1 Hz, 1H),4.17 (p, /= 5.7 Hz, 4H), 2.72-2.48
(m, 2H), 2.30-2.15 (m, 1H), 2.08 (s, 3H), 2.07-1.95 (m,
1H), 1.56-1.40 (m, 2H), 1.38-1.31 (m, 6H) 1.31-1.22 (m, 2H).

LC-MS data, m/z (1, %): exp. 354.336 [MH]", 100%;
calc. 354.38 [MH]".

N-(a-diethoxyphosphorylcyclopropylcarbonyl)-
v-aminobutyric acid (14), 1.28 g (64%) yield.
'H NMR spectrum (400 MHz, CDCL,): 6 (ppm) 9.14 (s,
1H), 7.70 (t, J= 5.7 Hz, 1H), 4.14 (dt, /= 8.2, 7.0 Hz, 4H),
3.32(q,J=6.6 Hz, 2H), 2.36 (t, /= 7.3 Hz, 2H), 1.85 (h,
J=7.5Hz, 2H), 1.54-1.39 (m, 2H), 1.32 (t,/= 7.1 Hz, 6H),
1.28-1.15 (m, 2H).

LC-MS data, m/z (I, %): exp. 308.059 [MH]*, 100%;
calc. 308.29 [MH]".

RESULTS AND DISCUSSION

In order to design a structure acceptable for
binding to ATCase (Protein Data Bank code SGIN'),
we applied a molecular modeling method using the
AutoDock Vina 1.1.2 program [10]. The optimization
of geometric parameters was carried out using the
molecular mechanics functionality in the Chimera
1.13.1 program®. Docking calculations made it
possible to show that ATCase has a hydrophobic
“pocket” where derivatives of phosphonacetic acid
with cyclic substituents at the carbon atom can be
incorporated with high probability (Fig. 3). Based on
this method, it was also shown that the substitution
of an amino acid residue in ATCase affects the value

of the substrate—enzyme binding constant. Therefore,
we conducted a series of experiments to obtain target
N-(o-diethoxyphosphorylcyclopropylcarbonyl)-substituted
amino acids with various amino acid residues.

The preparation of N-(a-diethoxyphosphoryl-
cyclopropylcarbonyl)amino acid esters was carried
out according to the scheme reported in Fig. 4.
a-Diethoxyphosphorylcyclopropanecarboxylic  acid
7 was obtained implementing a multi-stage synthesis
whereby triethyl phosphite and ethyl chloroacetate
were used as initial substrates; in fact, as a result of
the Arbuzov reaction conducted under microwave
irradiation conditions, the triethyl phosphonoacetic
acid 5 was obtained [11, 12].

Taking into account the presence of an active
methylene group in the structure of phosphonacetic
acid and its derivatives, we obtained the complete
ethyl ester of a-diethoxyphosphorylcyclopropane-
carboxylic acid 6 as aresult of an interphase alkylation
reaction with 1,2-dibromoethane of phosphonoacetic
acid triester, in the presence of dimethyl sulfoxide
and potassium hydroxide. The complete ester of
a-diethoxyphosphorylcyclopropanecarboxylic  acid
was then subjected to hydrolysis in an alkaline medium
over the carboxyl component, which proceeded with
the formation of a-diethoxyphosphorylcyclopropane-
carboxylic acid 7 [13, 14].

The final stage of the synthetic procedure was
the reaction of a-diethoxyphosphorylcyclopropane-
carboxylic acid 7 with a number of amino acid esters:
the esters of glycine and methionine, as well as the
methyl esters of aspartic acid and y-aminobutyric acid.
The reaction was carried out through the preparation
of the corresponding a-diethoxyphosphoryl-
cyclopropanecarboxylic acid chloride, which

was used further without preliminary isolation

Fig. 3a. An N-phosphonacetyl-L-aspartate molecule
in the active site of aspartate transcarbomoylase (X-ray
diffraction data; image obtained using
the Chimera software).

! https://www.rcsb.org/structure/SGIN (Accessed July 01, 2020).

Fig. 3b. An N-(a-dihydroxyphosphorylcyclopropyl-
carbonyl) aspartic acid molecule in the active site of
aspartate transcarbomoylase (conformation modeled with
Autodock; image obtained with the Chimera software).

2 UCSF Chimera 1.13.1. 2018. Available from https://www.cgl.ucsf.edu/chimera/ (Accessed July 20, 2020).
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and purification. Carrying out the reaction under
cooling to 0°C in dry chloroform in the presence of
triethylamine, which is used as a base and an acceptor
of hydrogen chloride, enabled us to obtain esters of
N-(a-diethoxyphosphorylcyclopropylcarbonyl)-
substituted amino acids 8—11 in good yield.

The esters thus synthesized were converted into
acids by alkaline hydrolysis of the carboxyl end of
the compound (compounds 12-15).

Note that in Fig. 5 are reported the compounds
synthesized implementing the developed scheme,
along with the corresponding yields for the last stage
of the procedure.

Compounds 12-15 synthesized by us were tested
for cytotoxicity toward cell lines of human breast
cancer (MDA-MB-231, Fig. 6), skin cancer (A-375,
Fig. 7), and glioblastoma (U-87 MG, Fig. 8),
according to the method described in reference [15].

Cell viability was assessed via a test that is
used to assess the metabolic activity of cells (the
MTT test), based on colorimetric measurements of
control and test solutions, which were preincubated
in CO, environment with the addition of the MTT
solution (3-(4,5-dimethylthiazole bromide)-2-yl)-
2,5-diphenyltetrazolium).  Nicotinamide adenine

Y POES

dinucleotide phosphate-H-dependent cellular
oxidoreductase enzymes of living cells are able to
reduce MTT to the corresponding formazan, which
is characterized by a purple coloration. Subsequently,
the optical density of the resulting solutions was
estimated at 594 nm and 620 nm wavelengths. The
results of these tests are reported in Figs. 6-8.

The absence of the expected biological
activity of the test compounds may be due to the
presence of ether groups at the phosphorus atom
of phosphonate group [16]. Thus, one of the main
directions of further research is the synthesis of N-(a-
dihydroxyphosphorylcyclopropylcarbonyl)amino
acids and verification of their biological activity.

CONCLUSIONS

The results of PALA studies and molecular
dockingofcyclopropanated analogs of phosphonacetic
acid indicate that N-(o-dihydroxyphosphorylcyclo-
propylcarbonyl)-substituted amino acids have a high
potential as anticancer agents. However, the absence
of cytotoxicity of the synthesized compounds toward
the cancer cell lines used in the present study did
not match the expected results; the observed low
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EtO |
OFt | _KOH, DMSO_ \J 2)20% HCI
cl \ P e .
MW, 175°C g™ Et0 OFt
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Fig. 4. General scheme for the synthesis of N-(a-diethoxyphosphorylcyclopropylcarbonyl)amino acids.
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Fig. 5. A series of obtained N-(a-diethoxyphosphorylcyclopropylcarbonyl)amino acids, with their respective yields.
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Fig. 6. Cell survival at various concentrations
of the compounds under study
as measured in cytotoxicity tests run against human breast
cancer cell lines.
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Fig. 7. Cell survival at various concentrations
of the compounds under study
as measured in cytotoxicity tests run against human skin
cancer cell lines.
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