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Objectives. The aim of this study was to analyze the possibility of using contact crystallization
with evaporating refrigerants for the isolation of substances from their aqueous solutions using
salts [KNO,, Nal, and (NH,),CO] as extraction examples and sucrose. Isobutane was used as a
refrigerant.

Methods. The analysis of the influence of the main technological parameters (i.e., solution’s
cooling temperature, initial concentration, and compressed refrigerant vapor pressure) on the
separation process and identification of its regularities was performed using mathematical
dependencies previously developed by N.I. Gelperin and G.A. Nosov for each stage of the contact
crystallization process. The authors studied the influence of these parameters on the yield of
crystalline and liquid phases, refrigerant consumption, and compressor power.

Results. The study showed that the use of evaporating refrigerants can significantly intensify the
process of separating the mixture and spent refrigerant from the resulting crystalline suspension.
This occurs owing to the evaporation of the liquid refrigerant that is in contact with the solution,
which is accompanied by intense cooling. This process can be carried out at the temperature
difference between the refrigerant and crystallizing mixture in the range of 0.5-1.0°C.
Conclusions. Contact crystallization with evaporating refrigerants can be successfully applied
to separate various substances from aqueous solutions. An important advantage of this process
is the relatively low refrigerant consumption because heat removal from the solution is carried out
as a result of changes in the aggregate state of the refrigerant. The use of contact crystallization
can also considerably simplify the equipment.

Keywords: crystallization, contact cooling, evaporating refrigerants, aqueous solutions
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HAYYHAS CTATHA

KoHTakTHAasi KpUCTA/IM3AIUS BEIeCTB U3 PACTBOPOB
C MPUMEHEHNEM MCTIAPSIOIIEr0Cs XJI1aareHTa

I'.A. HocoB, M.E. YBapoB®

MHP3A — Poccuiickuil mexHono2uueckuil yHusepcumem (MHcmumym moHKUX XUMUUECKUX MEeXHO. 102U

um. M.B. NomoHocosa), Mockea, 119571 Poccus

@Aemop ona nepenucku, e-mail: uvamikhail@yandex.ru

IMenu. Cmambes aHaausupyem 603MOIKHOCMb NPUMEHEHUST KOHMAKMHOU KPUCMAANUIAUUU C
UCNONIb308AHUCM UCNAPSIOULUXCSL XN1A0AREHMO8 0151 8blOENIEHUS BEULeCME U3 UX BOOHbBLX PACMEBO-
Dpoe Ha npumepe useneuerus Hekomopblx coneil (KNO,, Nal, (NH,),CO) u caxaposel. B kauecmee
xnadazeHma UCnob308aH U306YymaH.

Memooul. H3yueHue 8AUsHUSL OCHOBHbLX MEXHOJI02UUEeCKUX NapaMempos — memnepamypsbl 0x-
JIAXKOEHUSL pacmeopa, €20 UCXOOHOU KOHUEHMPAUUU U OA8EHUSL COKAMbLX NAPO8 xiadazeHma —
HA X00 paccmampugaemoz0 npoyecca pasoeneHus,, a markiKe golsieieHue 3aKoHomepHocmeti e2o
npomeKaHust NPo8oOUNOCH C NOMOUbLIO 8bleedeHHblx paHee H.H. I'envnepursbim u I.A. Hocogbim
Mmamemamuueckux sagucumocmetl 05 Kar0ol cmaoul npoyecca KOHMaKmHot Kpucmaniu3a-
yuu. Aemopul uccnedoganu enusiHUEe YKA3AHHbIX NapamMempos HA 8blXx00 KPUCMAJNIUUECKOU U
HKuorol ¢pas, pacxod xnadazeHma U MOULHOCMb KOMNpeccopa.

Pesynemamel. YcmaHO81E€HO, UMO NPUMEHEeHUe UCNAPSIOUUXCS X1a0a2eHmo8 no3gosisiem cy-
ujecCmeeHHO UHMEeHCUPUUUPOBAMb NPOUECC KPUCMANIUSAYUUU U obieeuaem omoesieHue ompa-
bomaHH020 xnadazeHma om obpasyrowelicss Kpucmaniuueckol cycneHsuu. 9mo obycniosnieHo
mem, umo npu KoHmaxKme >KU0K020 X1a0azeHma ¢ pacmeopom npoucxooum ezo ucnaperue, Ko-
mopoe conpoeoi0aemecst UHMEeHCUBHbIM OXNarKO0eHUeM pacmeopa. YCmaHo8/eHo, umo maxoi
Nnpoyecc Moxem oCYuecmsasimscst NPU pasHOCmu memnepamyp xaadazeHma U Kpucmainusy-
roweticst cmecu nopsioka 0.5-1.0 °C.

Bbleoodsl. KoHmaxkmHasi KPUCmMaaiu3ayust ¢ UCNOJIb308AHUEM UCNAPSIHOULUXCS XNA0A2eHMO8
Mookem bblmb YCneulHo NPUMeHeHA Ot 8bl0esieHUSl PA3IUUHbBLX 8ellecma U3 800HbLX Pacmeo-
pos. BaxkHbim npeumyuiecmsom nposedeHust No00OH020 NPOUEeCcca s18151emest OMHOCUMENAbHO He-
6osbw0ll pacxol xnadazeHma, NOCKO/bKY omeo0 menyiomel U3 pacmeopa OCYULeCcmeisiemes 8
pesyavmame UsmMeHeHUsl azpezamHoz0 coCmosiHus xaadazeHma. HcnonvzoeaHue KOHMAaKmHo
KPUCMANIU3AUUL NO380slem maK>Ke 3HAUUME/bHO Ynpocmums annapamypHoe ogpopmaeHue
npouecca.

Knroueewvle cnosa: Kpucmasuiusayust, KOHmMaxKmmHoe oxna}KdeHue, ucnapsirowiuecst madazeHmbL,
800HbBLE pacmeopusl

Jna yumupoeanus: Hocos I A., YBapos M.E. KoHTakTHas KpUCTaIIU3aLuUsl BEIECTB U3 PACTBOPOB C IPUMEHEHUEM
xnanareHta. Toukue xumuueckue mexronozuu. 2020;15(5):7-15. https://doi.org/10.32362/2410-6593-2020-15-5-7-15

INTRODUCTION

It is known that crystallization process is
widely used to isolate substances from various
solutions, purify substances from impurities by their
recrystallization, and concentrate dilute solutions
by freezing solvents [1-4]. The application of this
process is not limited to the chemical industry.
Crystallization is also used with great success
in the food, pharmaceutical, petrochemical, and

construction industry, and also in the production of
radio electronics [5—13]. In most cases, this process
is performed by cooling the solutions and melts.
Evaporation, vacuum evaporation crystallization,
and crystallization with salting-out agents are less
commonly used.

In the case of crystallization by cooling, devices
equipped with various cooling elements (e.g., jackets,
coils, tubes, and hollow disks) are usually used. Heat
removal from the crystallizing substance occurs
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Gennadi A. Nosov, Mikhail E. Uvarov

through the heat transfer walls of the above-mentioned
devices [14]. Crystallization process is sometimes
carried out by the direct contact of solutions with
refrigerants [2, 4, 15, 16].

One of the significant advantages of the latter
process is the absence of heat transfer surfaces
to remove heat flux. This greatly simplifies the
design of the apparatus and also removes the issue
of encrustation. The possibility of achieving a
more extended interphase surface, in contrast to
the conventional contactless method of fractional
crystallization, should be also attributed to the
advantages of this process. Mixing of mass flows
in a contact crystallizer is usually quite intensive.
Carrying out the crystallization in this manner allows
the process to occur at a relatively low-temperature
difference between the incoming and crystallizing
mixture refrigerant (approximately 0.5-2.0°C). This
makes it possible not to be limited to expensive steel
when choosing structural materials for crystallizers
and to manufacture such devices from materials with
low thermal conductivity (e.g., polymers, glass, and
ceramics). In general, all of these advantages lower
capital expenditures and operating costs.

When choosing a contact crystallization method,
one should take into account the possibility of
contamination of the target product with a refrigerant,
which is a significant disadvantage of this process [2, 4].
Considering this, the stage of separating the spent
refrigerant from the crystalline phase is necessary for
this process.

Itshould be noted that various types of refrigerants
can be used in the process of contact crystallization,
differing from each other in thermophysical
properties and state of aggregation. Chilled liquids,
liquefied and nonliquefied gases can be used. The
refrigerants entering the crystallizer upon contact
with the crystallizing mixture pass into a gaseous
state (evaporate) [2]. Contact crystallization can also
be carried out by mixing the initial mixture (solution)
with a highly supercooled solvent [17].

The contact crystallization process can occur
both in continuous and dispersed phases. [2, 4, 16].
In this case, liquid refrigerants that do not mix with
the original solution are used. The dispersion of
cooled solution in the form of drops in the mass flow
of the refrigerant forms a dispersed phase. When the
refrigerant is dispersed in the crystallizing solution,
the phase becomes continuous. Depending on the task
that contact crystallization process needs to solve, it
can be implemented in a batch or continuous mode.
When choosing the contact crystallization method,
it should be taken into account that with a small
difference in the densities of the refrigerant, mother
liquor, and crystalline phase, difficulties often arise

in separating the resulting suspension, which can lead
to contamination of the separation products with a
refrigerant.

The use of gaseous refrigerants greatly facilitates
their separation from suspensions. However, currently,
they are rarely used in the industry because of their
high consumption due to their low heat capacity.

The prospect of the industrial application of
evaporating refrigerants in crystallization processes
continues to be relevant. On one hand, they can
significantly intensify the crystallization process
because a significant amount of heat is absorbed
during their evaporation, and on the other hand,
there are no problems in separating the resulting
refrigerant vapor from the suspension. Currently, this
crystallization process is used mainly for desalination
of water by freezing and concentrating dilute aqueous
solutions [2, 5, 16]. This article presents the results
of studies on contact crystallization concerning the
isolation of potassium nitrate, carbamide, sodium
iodide, and sucrose from their aqueous solutions.

DESCRIPTION OF THE CRYSTALLIZATION
PROCESS INSTALLATION

A schematic diagram of the contact crystallization
unit is shown in Fig. 1. Here the crystallizer Cryst
(crystallization stage) continuously receives the initial
solution in the amount F with the concentration of the
dissolved substance x, at the temperature 7,, which
gradually cools down to the temperature ¢, below the
point of its saturation. As a result, a crystalline phase
of the target product is formed in solution. Liquid
refrigerant, which is supplied to the crystallizer in the
amount of G, is in contact with the cooled solution.
This leads to gradual evaporation of the refrigerant,
followed by cooling of the solution in the crystallizer.
The suspension formed in the crystallizer consists of
the crystalline phase C of the composition x . and the
mother liquor M of the composition x,. Further, the
C+M suspension is sent to Sep filtration (separation
stage), where the crystalline phase is extracted in the
amount of S from the mother liquor L. Of note, the
suspension can be separated both by filtration and
centrifugation [18].

In the process under consideration, a vapor
compression refrigeration unit is used, in the circuit
of which the G refrigerant circulates. In this case,
crystallizer Cryst, which is continuously supplied
with liquid refrigerant, is the evaporator of the
refrigeration unit. The vapors of the G, refrigerant,
which are in a saturated state, are removed from the
crystallizer and then they enter the Com compressor
to compress them from pressure p, to pressure p,.
In this case, the temperature of the compressible
vapors increases from @, to @,, and the heat content
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Fig. 1. Schematic diagram of contact crystallization with an evaporating refrigerant
for the extraction of substances from aqueous solutions.

increases from i, to i,. The change in the parameters
of the refrigerant in the pressure—enthalpy diagram
is shown in Fig. 2. In this diagram, the arrow /-2
corresponds to the process of compressing the
refrigerant by the compressor from pressure p, to
p,- Then, the compressed vapor of the G, refrigerant
enters the condenser of the Cond refrigeration unit,
where it is cooled by the G, water stream. In this
case, the heat content of the refrigerant decreases
from i, to i, (arrow 2-3). A conventional shell and
tube heat exchanger can be used as a condenser.
Before supplying refrigerant to the -crystallizer,
it is necessary to reduce its pressure. Thus, it in
condensed form passes through the throttle valve Th,
which reduces the refrigerant pressure from p, to p,.
Then, the refrigerant returns to the crystallization
stage Cryst in a liquid state. In the state diagram of
the refrigerant, the arrow 3—4 shows the change in
the parameters of the G, flow when it is throttled.
Of note, the throttling enthalpy remains constant i, = i,
The arrow 4—1 corresponds to the evaporation of
refrigerant at pressure p,. In this case, the enthalpy of
the refrigerant increases from i, to i,.

CALCULATION METHODS

To calculate the yield of the crystalline and liquid
phases when carrying out the considered separation
process, the same dependencies can be used as in
the usual crystallization process. Thus, the yield of
the crystalline phase can be established using the
dependence [2]

plr——— —_— 1
| /

i3=1 i i i

Fig. 2. Changes in the parameters of the refrigerant
in the p—i state diagram during contact crystallization.

C=FXr—Xu
Xe =Xy,

(1

where x_. and x,, are the concentrations of solute in the
crystalline phase C and mother liquor M.

The heat balance equation for the crystallization
stage Cryst has the form

Fet,+Cr  +Gii,=Cct. +Mct +Gi, 2)

b

where c. and ¢, are the heat capacities of the
crystalline phase of substance C and mother liquor
M; r, is the heat of crystallization of the substance; i,
and i, are the enthalpies of the refrigerant at the inlet
and outlet of the crystallizer.
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Using equation (2), it is possible to determine the
amount of removed heat O and the flow rate of the
refrigerant G at the crystallization stage Cryst:

Qcool = GR(iI o 12) = FthF + C (V

sub

—c ) —Me,t. 3)

G = Ol _ Feptp + C(ryy, —ccty) —Mey, o

R ;. R
i,—1, i,—i,

The amount of removed heat energy O . from the
condensing compressed heat carrier in the condenser
Cond can be determined using the dependence

Qcond = GR(iZ - 13) (5)

where i, and i, are enthalpies of the refrigerant at the
inlet and outlet of the condenser.

The power consumed by the turbocharger for the
compression of refrigerant vapors from pressure p, to
pressure p, is determined [19]

N = Gulazt) (©6)
UV

where 7, and 7, are the adiabatic and mechanical
efficiency coefficients of the compressor.

RESULTS AND DISCUSSION

The considered crystallization process was
analyzed using the separation of KNO,, (NH,),CO,
Nal, and sucrose from their aqueous solutions as
an example. All of these substances do not form
crystalline hydrates during crystallization. In the
diagrams of their equilibrium with water, there are
eutectic points, the parameters of which are provided
in the table.

The separation process of the abovementioned
binary systems was performed using isobutane as
a refrigerant. The vapor pressure of isobutane after
throttling was p, = 1 atm, and their compression in the
compressor was carried out in the range up to p, =2-5 atm

depending on the cooling temperature of the solutions
in the crystallizer 7.

As aresult of the analysis, it was determined that
cooling the solution to lower temperatures ¢, at the
constant concentration of the initial solution x, led to
a regular increase in the yield of the crystalline phase
of the isolated substance and to a corresponding
decrease in the yield of the mother liquor (Fig. 3).

Of note, a change in the yield of the crystalline
phase, in turn, affects the amount of heat released.
Thus, a decrease in the solution cooling temperature
t,, and, consequently, an increase in the yield of
crystals leads to the corresponding increase in the
amount of released thermal energy O  (Fig. 4a) and
an increase in the consumption of G, refrigerant
for the crystallization process (Fig. 4b). The power
of compressor N, which is used to compress the
vapor of the intermediate heat carrier, also increases
(Fig. 5a) as well as the amount of heat O, which is
removed during the condensation of the compressed
heat carrier vapor in the condenser of the installation
(Fig. 5b).

The efficiency of the considered separation
process greatly depends on the concentration of
the initial solution x,. Its increase leads to a regular
increase in the yield of the crystalline phase C (Fig. 3)
and the amount of heat Q_ , which is removed at the
crystallization stage (Fig. 4). The flow rate of the
refrigerant G, and the compressor capacity N also
increases (Fig. 5).

The analysis also showed that in addition to the
fractionation temperature 7, and concentration x,
the refrigerant flow rate G, and compressor power
N are greatly affected by pressure p,, to which the
refrigerant vapor is compressed in the compressor. It
is characteristic that during the separation of dilute
solutions, the value of G, slightly decreases with
an increase in pressure p,, and when fractionating
concentrated solutions, it slightly increases (Fig. 6a);
the compressor power always increases with an
increase in p, (Fig. 6b).

Refrigerant consumption G, and compressor
power N_ can also depend on the physicochemical
and thermophysical properties of crystallizing
substances and their aqueous solutions [17]. Thus, for
example, at the same yield of the crystalline phase for

Parameters of the eutectic point for some binary systems

System X, Wt % t, °C
KNO,-H,0 11 -2
(NH,),CO-H,0 32 -12
Nal-H,0 47 =32
C,H,0,-HO 63 -14
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Fig. 3. Influence of the cooling temperature 7, on the yield of the crystal phase (a) and mother solution (b)
(system (NH,),CO-H,O; p, = 2 atm): (1) x, = 40% (NH,),CO; (2) x,. = 45%; (3) x,. = 50%; (4) x,. = 55%.

Qcool /i F, kJ. /kg

ty., °C

Gy /F

tﬁ,, °C

b

Fig. 4. Dependence of the amount of heat removed from the crystallizer (a) and the refrigerant flow rate (b)
on the fractionation temperature (KNO,—H,O system; p, =2 atm): (1) x, = 20% KNO,; (2) x, = 30%; (3) x, = 40%; (4) x, = 50%.

Nal, the energy consumption for performing contact
crystallization is 1.5-2.0 times higher than that for
the crystallization of sucrose.

CONCLUSIONS

The analysis of data from previous studies and
our research showed that contact crystallization using
evaporating refrigerants can be successfully applied
to isolate various substances from their aqueous

solutions. It is especially advantageous to use it
when the crystallization process is carried out at low
temperatures. When using it, interfacial heat transfer
is considerably intensified, and the instrumentation
of the separation process is simplified.
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Fig. 5. Dependence of the compressor power consumption (a) and the amount of heat removed during the
condensation of refrigerant vapor (b) on the fractionation temperature (system (NH,),CO-H,0O; p, = 2 atm):
(1) x, = 40% (NH,),CO; (2) x, = 45%; (3) x,. = 50%; (4) x, = 55%.
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Fig. 6. Dependence of the refrigerant flow (a) and compressor power (b) on the refrigerant pressure
at the compressor outlet (Nal-H,O system; ¢, =—28°C): (1) x, = 60% Nal; (2) x, = 63%; (3) x, = 66%; (4) x, = 69%.

Key

Cryst — crystallizer;

Sep — filter (separation);

Com — turbocharger;

Th — throttle valve;

Cond — refrigerant condenser;

F —mass flow of the initial solution;
C — output of the crystal phase;

M — output of the stock solution;

S — mass flow of the extracted crystal phase;
L —mass flow of the removed uterus;
G, — refrigerant consumption;
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G, — water consumption;
x, — concentration of the initial solution;

x,— concentration of the extracted substance in the crystal phase;

x, — concentration of the substance in the mother liquor;
t, — cooling temperature of the solution (fractionation);

O, — temperature of the refrigerant at the compressor input;

O, — temperature of the refrigerant compressed in the compressor;

¢',, — water temperature at the condenser input;
¢",, — water temperature at the condenser output;
p, — pressure of the refrigerant at the compressor input;

p, — pressure of the refrigerant compressed in the compressor;

h, — enthalpy of the refrigerant at the compressor input;

i, — enthalpy of the refrigerant compressed in the compressor;

i, —enthalpy of the refrigerant at the condenser output;
i, — enthalpy of the refrigerant at the crystallizer input.
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Objectives. This study aims to obtain alkenyl-gem-dichlorocyclopropanes from piperylene. The
products are then subjected to thermocatalytic isomerization and hydrogenation.

Methods. To determine the qualitative and quantitative composition of the reaction crudes, the
following analytical methods were used: gas-liquid chromatography using the Crystal 2000
hardware complex, mass spectrometry using a Chromatec-Crystal 5000M device with the NIST
2012 database, and nuclear magnetic resonance (NMR) spectroscopy using a Bruker AM-500
device at operating frequencies of 500 and 125 MHz.

Results. Alkenyl-gem-dichlorocyclopropanes were synthesized in the presence of triethylbenzyl
ammonium chloride as catalyst. Their isomerization and hydrogenation gave the corresponding
gem-dichlorocyclopentene and isomers of alkyl-gem-dichlorocyclopropanes. The structure of
synthesized substances were analyzed by gas-liquid chromatography, mass spectrometry, and
NMR spectroscopy.

Conclusions. The results show that formation of four isomeric substituted gem-
dichlorocyclopropanes occurs in high yield during incomplete dichlorocyclopropanation of
piperylene. The thermocatalytic isomerization of substituted gem-dichlorocyclopropanes in the
presence of SAPO-34 zeolite leads to the formation of one product, i.e., gem-dichlorocyclopentene,
and hydrogenation of substituted gem-dichlorocyclopropanes in the presence of Pd/C catalyst
gives three isomeric alkyl-gem-dichlorocyclopropanes.

Keywords: alkenyl-gem-dichlorocyclopropane, isomerization, hydrogenation, SAPO-34 zeolite,
Pd/ C catalyst

For citation: Musin A.l., Borisova Yu.G., Raskil’dina G.Z., Rabaev R.U., Daminev R.R., Zlotskii S.S. Synthesis and
reactions of alkenyl-gem-dichlorocyclopropanes obtained from piperylene. Tonk. Khim. Tekhnol. = Fine Chem. Technol.
2020;15(5):16-25 (Russ., Eng.). https://doi.org/10.32362/2410-6593-2020-15-5-16-25

© A.I. Musin, Yu.G. Borisova, G.Z. Raskil’dina, R.U. Rabaev, R.R. Daminev, S.S. Zlotskii, 2020
16


https://doi.org/10.32362/2410-6593-2020-15-5-16-25
https://doi.org/10.32362/2410-6593-2020-15-2-38-46

A.lI. Musin, Yulianna G. Borisova, Gul’nara Z. Raskil’dina, et al.

HAYYHAS CTATbBA

Cunre3 n PCAKINH AJTKCHUI-2eM-TUXJIOPIHHUKIIOIIPOIIAHOB

Ha OCHOBC ITNIICPUJICHA

A.H. Mycun', I0.I'. BopucoBa?®, I'.3. Packuapauna?, P.Y. Pabaes?, P.P. [lamuHeB’,

C.C. 3aroTcKun?

1Y chumckuii 2ocyoapcmeeHHblil HeghmsiHOU mexHUuecKuil yHusepcumem, gounuan 8 2. Cmepaumamar,

Cmepaumamarx, 453118 Poccust

2Y pumckuii 2ocyoapcmeeHHbLil HegpmsiHOU mexHuueckull yHueepcumem, Ygpa, 450064 Poccust
@Aemop ons nepenucku, e-mail: yulianna_borisova@mail.ru

IMenu. Ilonyuums aaKeHUN-2eM-OUXTIOPYUUKIONPONAHBL HO OCHO8E NunepuieHa, npogecmu ux
mepMoKamaiumuueckyro U3oMepu3ayuIo U 2uopuposaHue.

MemoowuL. /(15 onpedesieHus KauecmeeHHozo U KOAULEeCME8EHH020 COCMABA PeaKUUOHHBIX MACC
UCNO308AHbL Cledyrouiie Memoodbl AHANU3A: 2A30KUOKOCMHASL Xpomamozpagpus (Ha annapam-
HO-npo2pammHom Komnaekce «Kpucmann 2000v), xpomamomacc-cnekmpomempust (Ha npubope
Xpomamark-Kpucmann 5000M» ¢ 6a3oti NIST 2012) u cnekmpockonusi s10epH020 MAZHUMHO20
pesoHanca (IMP) (na npubope «Bruker AM-500» ¢ pabouumu uacmomamu 500 u 125 MTI'u).
Pe3synomamet. AnkeHun-2emM-0UXTOPYUKIONPONAHBL CUHMEIUPOBAHBL 8 NPUCYMCMBUU KAMAU-
3amopa mpusmunbeH3UNAMMOHUL xiopucmulil. lansHeliuell ux uzomepusayueil U e0ccmaHogie-
HUeM NnolyueHbl CO0m8emcmayrouue 2emM-OUXTOPYUKAONEHMEH U U30MEPblL ANKUT-2eM-OUXTIOPYUU-
KionponaHos. CmpoeHue CUHMEe3UPOBAHHBLX 8eU4LeCMa8 NPOAHANUIUPOBAHO U 00KA3AHO Memooamu
2a302KUOKOCMHOU Xxpomamozpagpuu, macc-cnekmpomempuu u AAMP-cnekmpockonuu.

Bbi800bl. YCMAHO8IEHO, UMO HENnoHOe OUXIOPUUKIONPONAHUPOSAHUE NUunepuieHa npome-
Kaem KoauuecmeeHHo ¢ 06pasosaHuem uemolpex U30MepHLIX 3aMeULeHHBIX 2eM-OUXIOPYUUKIO-
nponaHos, Npu mepmoKamaiumudeckoli U3omepusayuu Komopslx 8 npucymcmeuu yeoiuma
SAPO-34 npoucxodum obpazosaHue 00H020 NpooyKma — 2em-OuXI0pUUKIOneHmeHa, a npu ux
80CCMAHOBAEHUU C hoMowblo kamanuzamopa Pd/C nabnrodaemes obpazogarHue mpex usomep-
HbLX ANKUJ-2eM-OUXTIOPYUUKSIONPONAHOS.

Knroueevte cnosa: aﬂKeHuﬂ—zeM—dux/lopuumonponanbt, usomepusayusi, 2udpupoeanue,

SAPO-34, Pd/C

Jlna yumuposanua: Mycun A.U., Bopucosa 10.I"., Packunsnuna I'.3., Pabaes P.V., Jlamunes P.P., 3norckuii C.C.
CHUHTE3 U peaklUu aJKeHUI-2eM-TUXJIOPIHUKIONPONAaHOB HA OCHOBE MUIEpHIICHA. TOHKUE XUMUYECKUe MEXHOLOSUU.
2020;15(5):16-26. https://doi.org/10.32362/2410-6593-2020-15-5-16-25

INTRODUCTION

Substituted three-membered carbocycles, in
particular, gem-dichlorocyclopropanes, are widely
used in the chemistry of natural and medicinal
substances [1-8]. The most effective route for the
synthesis of gem-dihalocyclopropanes is based
on the [2 + 1]-cycloaddition of dichlorocarbenes
at multiple bonds [9-18]. Following this method,
from industrial dienes such as divinyl, isoprene, and
2,3-dimethyl-butadiene, the corresponding alkenyl-
gem-dichlorocyclopropanes are obtained, which
are used in fine organic synthesis [19, 20]. In this
context, the purpose of this study is to perform the

dichlorocarbenation of piperylene as a large-tonnage
diene and to conduct a series of conversions of the
corresponding alkenyl-gem-dichlorocyclopropanes.

MATERIALS AND METHODS

Analysis of the reaction crudes was performed using
gas-liquid chromatography on the hardware-software
complex Crystal 2000, NPF Meta-khrom, Russia. Mass
spectra were obtained using a Chromatec-Crystal 5000M
instrument (Chromatec, Russia) with the NIST 2012
database (National Institute of Standards and Technology,
USA). 'H and "C nuclear magnetic resonance (NMR)
spectra were recorded on a Bruker AM-500 spectrometer
(Bruker Corporation, USA) at operating frequencies

Toukue xuMmudeckue TexHoaoruu = Fine Chemical Technologies. 2020;15(5):16-25
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of 500 and 125 MHz, respectively, using CDCl, as
solvent. Chemical shifts are reported in & (ppm)
relative to tetramethylsilane as internal standard.
Spin—spin coupling constants (J) are given in Hz.
Substituted  vinyl-gem-dichlorocyclopropanes
2a,b and 3a,b were obtained following a reported
procedure [19], wusing chloroform, 50% alkali
solution, and triethylbenzylammonium chloride as an
interphase catalyst.
1,1-Dichloro-2-((1-Z)-prop-1-en-1-yl)-
cyclopropane (2a). Colorless liquid. Yield (2 + 3):
95%, T, = 48-50°C (35 mm Hg). 'H NMR spectrum
(CDCl,), 8 (ppm), J (Hz): 1.20d (1H, CHa, J=5.3), 1.72
d(1H,CHbJ=5.3), 1.75t(3H, CH,, J=3.1), 2.38-2.43
m (1H, CH), 5.15 t (1H, CH, J = 6), 5.20-5.25 m (1H,
CH). "C NMR (CDCL,), 6. (ppm): 14.39 (CH,), 27.42
(CH,)), 28.72 (CH), 61.09 (C), 126.11 (CH), 128.97
(CH). Mass spectrum, m/e (I ,, %): 150/152/154 (<3)
[M*], 135/137/139 (<5), 115/117 (44/12), 99/101 (22/8),
79/100, 77/65.
1,1-Dichloro-2-((1-E)-prop-1-en-1-yl)-
cyclopropane (2b). Colorless liquid. Yield (2 + 3): 95%,
T, =48-50°C (35 mm Hg). '"H NMR (CDCL,), 6 (ppm),
J (Hz): 1.20 d (1H, CHa, J = 5.3), 1.72 d (1H, CHb,
J=15.3), 1.75 t 3H, CH,, J = 3.1), 2.08-2.12 m (1H,
CH), 5.28-5.35 m (1H, CH), 5.37 d (1H, CH, J = 13.7).
"C NMR (CDCL,), 5. (ppm): 18.03 (CH,), 28.39 (CH),
27.69 (CH,)), 61.09 (C), 126.63 (CH), 130.12 (CH).
Mass spectrum, m/e (I, %): 150/152/154 (<4) [M7],
135/137.139 (<5), 115/117 (42/12), 99/101 (20/10),
79/100, 77/72.
cis-1,1-Dichloro-2-vinyl-3-methylcyclopropane
(3a). Colorless liquid. Yield (2 +3): 95%, T, , = 48-50°C
(35 mm Hg). "H NMR (CDCL,), § (ppm), J (Hz): 1.42 s
(1H, CH), 1.35t(3H, CH,, J=7.8), 2.20-2.30 m
(IH, CH), 5.45-5.60 m (2H, CH,), 5.75 dd (1H, CH,
J =10, 13). "C NMR (CDCl,), §. (ppm): 9.68 (CH,),
31.90 (CH), 3591 (CH), 61.09 (C), 120.11 (CH,),
134.32 (CH). Mass spectrum, m/e (I, %): 150/152/154
(=4) [M7], 135/137/139 (<5), 115/117 (36/12), 99/101
(20/8), 79/100, 77/70.
trans-1,1-Dichloro-2-vinyl-3-methyl-
cyclopropane (3b). Colorless liquid. Yield (2 + 3): 95%,
T,.,=48-50°C (35 mm Hg). 'H NMR (CDCL,), 6 (ppm),
J (Hz): 1.11 d (1H, CH, J = 10), 1.52 t (3H, CH,,
J=6.8),2.20-2.30 m (1H, CH), 5.45-5.60 m (2H, CH,),
5.75 dd (1H, CH, J = 10, 13). "C NMR (CDCI,),
8. (ppm): 9.68 (CH,), 33.15 (CH), 40.19 (CH), 61.09
(C), 118.29 (CH,), 134.32 (CH). Mass spectrum, m/e
(I, %): 150/152/154 (<8) [M'], 135/137/139 (<8),
115/117 (46/26), 99/101 (22/10), 79/100, 77/72.
Isomerization was conducted in a fixed-bed flow-

through unit in a reactor with a volume of 15 cm’, at
atmospheric pressure, and at a temperature ranging

from 130 to 280°C. SAPO-34 zeolite (made in China)
was used as a catalyst, which was activated in
a flow of hydrogen at 550°C for 5 h before use.
Raw materials (50 mL of a mixture of vinyl-gem-
dichlorocyclopropane : decane in a 1 : 2 volume
ratio) were supplied using a pump. The product of
the catalysis was dried with freshly calcined calcium
chloride and evaporated under a weak vacuum after
filtering off the salt to give 4.

4,4-Dichloro-3-methylcyclopentene (4). Colorless
liquid. Yield: 94%, T, , = 57°C (35 mm Hg). '"H NMR
(CDCl,), 6 (ppm), J (Hz): 1.35 t (3H, CH,, J = 7.0),
2.53 d (1H, CHa, J=3.9), 2.85 t (1H, CHb, J = 3.6),
5.56 t (1H, CH, J = 6), 5.88 d (1H, CH, J = 5.9).
"“C NMR (CDCl,), 6. (ppm): 14.99 (CH,), 53.22 (CH,),
62.68 (CH,), 81.16 (C), 124.92 (CH=), 141.06 (C=).
Mass spectrum, m/e (I, %): (150/152/154)/35/16/5
[M*], (115/117)/(100/34), (77/79)/(89/55), 51/27.

For hydrogenation, palladium on carbon (Pd/C),
granular, TU 2170-300-29131036-97', was used as a
catalyst. The catalyst was ground in a mortar before use,
sieved, and stored in a box in an extractor. A calculated
amount of Pd/C catalyst, which was finely ground in a
mortar and weighed on an analytical balance, was loaded
into the reactor (Fig. 1). A solution containing a mixture
of dichlorocyclopropanes 2a,b and 3a,b in ethyl-
acetate (20 mL) with a mass concentration of 50 g/L was
added. From hydrogen generator 6, buffer tank 7 was
filled with hydrogen by opening valve 1 and closing
valve 2. Valve 1 was then closed, and valves 2—4 were
open, while maintaining mixing device 11 turned off
and vessel 10 completely filled with liquid. Thus, the
system was purged with hydrogen. Then, valves 4 and 3
were sequentially closed, and with valve 5 open, cylindrical
vessel 8 was filled with hydrogen from the buffer tank to the
lower mark, creating a slight excess pressure of the water
column from pressure reservoir 9. Then, valve 2 was closed,
valve 3 was open, and the stirring device was turned on,
setting the preset mixing speed. The progress of the reaction
was monitored by determining the volume of absorbed
hydrogen. The experiment was continued until a noticeable
decrease in the rate of hydrogen absorption was observed.

After hydrogenation, the following products were
obtained:

1,1-Dichloro-2-propylcyclopropane (5). Colorless
liquid. Yield (5 +6): 95%, T, , = 54°C (35 mm Hg).
'H NMR (CDCl,), & (ppm), J (Hz): 0.95 t (3H, CH,,
J=17),1.20-125m (6H, 3 CH,), 1.36-1.55 m (1H, CH).
BC NMR (CDCL,), 8. (ppm): 15.03 (CH,), 23.99 (CH,),
27.06 (CH,), 31.09 (CH,), 38.44 (CH), 65.44 (C).
Mass spectrum, m/e (I ,, %): 152/154/156 (7) [M'],
123/49, 110/66, 75/5, 87/37, 51/100.

! Information about the catalyst is available on the
manufacturer’s website https://www.kazanorgsintez.ru.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(5):16-25

18



A.lI. Musin, Yulianna G. Borisova, Gul’nara Z. Raskil’dina, et al.

—

6 5

-------------
DOOOOOOOOOOTT)
-------------

L] OmO

BHE&

TTTTTTTTTTTTTTTTTT T T T T T TT T T T T T T T T T T 7T T 77777 T 777717777777 T77T7777T77T7T7777777777 7 TTITTTTTTTTTTTTTTT7TT 7T 7T TT7 7777 TT77 77777

Schematic representation of the installation for hydrogenation at atmospheric pressure. Valves (1-5), hydrogen generator (6),
buffer tank (7), cylindrical vessel (8), pressure tank (9), hydrogenation reactor (10), stirring device (11).

cis-1,1-Dichloro-2-methyl-3-ethylcyclopropane
(6a). Colorless liquid. Yield (5 + 6): 95%, T, , = 54°C
(35 mm Hg). 'H NMR (CDCL,), é (ppm), J (Hz): 0.90 d
(1H, 1 CH, J=7), 1.02 t 3H, CH,, J = 5), 1.45 t (3H,
CH,, J = 3), 1.61-1.66 m (1H, CH), 1.78-1.83 m (2H,
CH,). "C NMR (CDCL,), . (ppm): 10.55 (CH,), 14.09
(CH,), 19.44 (CH,), 32.94 (CH), 34.01 (CH), 67.55
(C). Mass spectrum, m/e (I, %): 152/154/156 (9) [M'],
123/59, 110/30, 75/15, 87/67, 51/100.

trans-1,1-Dichloro-2-methyl-3-ethylcyclopropane
(6b). Colorless liquid. Yield (5 + 6): 95%, T, , = 54°C
(35 mm Hg). 'HNMR (CDCL,), 6 (ppm), J (Hz): 1.05-1.15 m
(1H, CH), 1.02 t (3H, CH,, J = 5), 1.45 t (3H, CH,,
J =3), 1.61-1.66 m (1H, CH), 1.78-1.83 m (2H, CH,).
BC NMR (CDCL), 3. (ppm): 11.01 (CH,), 15.88 (CH,),
19.44 (CH,), 34.71 (CH), 41.39 (CH), 67.67 (C). Mass
spectrum, m/e (I, %): 152/154/156 (7) [M'], 123/49,
110/66, 75/5, 87/37, 51/100.

RESULTS AND DISCUSSION

At the initial stage of the dichlorocarbenation of
commercial piperylene (cis-1a : trans-1b = 1 : 4), which
was performed according to the Makoshi method [21],
carbenes attach to nonequivalent terminal and internal
double C=C bonds at different rates, leading to the
formation of a mixture of propenyl derivatives 2a,b and
vinyl derivatives 3a,b in a ratio of 1 : 3, respectively
(Scheme 1). This is due to the fact that the methyl
substituent located in the a-position activates the double
bond with respect to the electron-withdrawing :CCl,
carbene. Note that the 2,2-disubstituted double bond in
isoprene is one order of magnitude more active than the
unsubstituted one [19].

The observed ratio of stereoisomers 2a : 2b =1 : 4
coincides with the content of cis- and trans forms in the
initial diene 1a,b. The addition of dichlorocarbene to the

]

T
T

PIRE Y P 37 N5
\/ éH + \/ |
cr” Ser cr” >a M
2a 2

H \/ >g + g~ \/

Scheme 1. Carbenation of piperylene 1a,b.
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substituted double bond proceeds nonstereoselectively,
and isomers 3a,b are formed in similar amounts
(3a:3b=1:1.5).

Next, the thermocatalytic isomerization (Scheme 2)
of the obtained alkenyl-gem-dichlorocyclopropanes
2a,b and 3a,b was performed at 230°C according to a
previously described method [22] using commercially
available SAPO-34 zeolite as a catalyst [23].

4,4-Dichloro-3-methylcyclopentene 4 was obtained
in a yield of more than 90% as a result of the opening
of the three-membered carbocycles at the C!'-C3
bonds on the catalyst. No products resulting from the
cleavage of the C>~C3 bonds were detected.

Hydrogenation (Scheme 3) of alkenyl-gem-
dichlorocyclopropanes 2a,b and 3a,b was conducted
using commercial Pd/C catalyst[24,25] at a temperature
of 22-24°C and atmospheric pressure for 3.5-4 h.

Under these conditions, a mixture of propyl-
gem-dichlorocyclopropane 5, cis-2-methyl-3-ethyl-
gem-dichlorocyclopropane 6a, and trans-2-methyl-
3-ethyl-gem-dichlorocyclopropane 6b was obtained

IFI H
4
2\_/3/ %ls/H . L3/4%5/CH3
\/ |
I I
o Sa b cr” > o
2a 2b

+

quantitatively. The ratio of the Ilatter compounds
corresponds to the starting content in the initial mixture
of vinyl derivatives (6a : 6b =3a:3b=1:1.5).

The method of competitive kinetics [26]
(maximum conversion of 30%) was used to determine
the relative reactivity of propenyl 2a,b and vinyl
derivatives 3a,b in the hydrogenation reaction.
Under the studied conditions?, judging by the
rate of accumulation of products 5 and 6a,b, vinyl
derivatives 3a,b are two times more active than
propenyl derivatives 2a,b.

The composition of the obtained products
2a,b, 3a,b, 5, 6a,b, and the isolated compound 4
was established by NMR spectroscopy and gas
chromatography—mass spectrometry.

The 'H NMR spectrum of the mixture of
carbenation products 2a,b and 3a,b shows the
presence of signals of multiple bonds of protons at C*
and C® carbon atoms. For molecule 2a, the proton at
the C* carbon atom gives rise to a triplet at 5.15 ppm
(3J = 6 Hz), and that at the C° carbon atom affords a

H3C\ s H3C\ T )
H/z\_/s/\ P X5
1 H + H \1/

o al o’ a
3a 3b

230°C | SAPO-34

G-
C1/4\

H
b H !
z\_/3/ %|5/ 2 3~ QS/CHB
\./ | +
1
o Sa o >a M
2a 2

e

Scheme 2. Isomerization of alkenyl-gem-dichlorocyclopropanes 2a,b and 3a,b.

H;C

H;C H
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CH
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5
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Scheme 3. Reduction of alkenyl-gem-dichlorocyclopropanes 2a,b and 3a,b.

% The starting ratio 2a,b : 3a,b=1: 3.
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multiplet in the range 5.20-5.25 ppm, which is typical
for the cis-isomer. Meanwhile, for the frans-2b isomer,
the signal of the proton at the C* carbon atom appears
at 5.28-5.35 ppm, and the proton at C° resonates as a
doublet at 5.37 ppm (*J = 13.7 Hz), which confirms
the trans-configuration of the double bond. In a
mixture of compounds 3a and 3b, analogous signals
of protons at C* and C° appear as doublet of doublets
at 5.75 ppm (3J = 10 and 13 Hz) and a multiplet at
5.45-5.60 ppm. The protons of the cyclopropane ring
at the C? the carbon atom for the cis-2a and trans-2b
isomers appear as two identical doublets at 1.20 ppm
(3J = 5.3 Hz) and 1.72 ppm (3 = 5.3 Hz). A similar
proton signal at the C? carbon atom of molecules
3a and 3b affords a multiplet at 2.20-2.30 ppm.
The proton at the C* carbon atom for compound 3a
appears as a singlet at 1.42 ppm, which indicates
its cis-arrangement, whereas it is high-field shifted
to 1.11 ppm and appears as a doublet °*J = 10 Hz)
for compound 3b, which is typical for the trans-
configuration of the proton.

In the 'H NMR spectrum of a mixture of
hydrogenation products 5 and 6a,b, the presence of
propyl-gem-dichlorocyclopropane 5 is evidenced by
a triplet signal of the methyl group in the high-field
region at 0.95 ppm (°J = 7 Hz) and a multiplet for
two methylene groups of the propyl fragment in the
range 1.20—1.25 ppm. The geometric isomers 6a,b are
characterized by the presence of signals attributable
to the proton at the C* carbon atom conjugated with
the ethyl group. Thus, for cis-1,1-dichloro-2-methyl-
3-ethylcyclopropane 6a, the proton at the C* carbon
atom of cyclopropane gives rise to a doublet in the
high-field region at 0.90 ppm (*J = 7 Hz), and for
trans-1,1-dichloro-2-methyl-3-ethylcyclopropane
6b, a similar signal appears as a multiplet in the lower
region at 1.05-1.10 ppm.

In the *C NMR spectra of the mixture of alkenyl-
gem-dichlorocyclopropanes 2a,b and 3a,b, the most
representative feature is the C' signal of the carbon
atom at 61.09 ppm. For the cis-2a isomer, the C*
and C° carbon atoms of the double bond resonate at
126.11 and 128.97 ppm, respectively, whereas for the

trans-2b isomer they appear in lower field, at 126.63
and 130.12 ppm, respectively. For compound 3a, the
presence of high-field signals for the C* and C? carbon
atoms of the cyclopropane ring (31.90 and 35.91 ppm)
confirms the cis-configuration, whereas the signals at
lower field for C* and C* (33.15 and 40.19 ppm) of
molecule 3b are indicative of the trans-configuration
of this isomer.

The P*CNMR spectra ofa mixture of alkyl derivatives
5 and 6a,b are characterized by the signals ascribed to the
C! carbon atoms in the range of 65-67 ppm. The signal of
the methyl group of 1,1-dichloro-2-propylcyclopropane
5 appears at 15.03 ppm, whereas those of molecules
6a,b are high-field shifted to 10.55 and 11.01 ppm,
respectively. For compound 6a, the presence of signals
of the C? and C* carbons of the cyclopropane ring at
32.94 and 34.01 ppm confirms the cis-configuration. For
molecule 3b, the signals of C? and C* atoms appear at
lower field (34.71 and 41.39 ppm), indicating the trans
configuration of this isomer.

Several pathways can be proposed for the
dissociative ionization of a mixture of gem-
dichlorocyclopropanes 2a,b and 3a,b. Thus, the
molecule decomposes into a dichlorocyclopropane
fragment and the substituent or the molecule loses
chlorine atoms while the main carbon skeleton is
preserved.

The table shows the values of fission ion mass
m and the relative intensity of ion peaks e, (% of the
maximum) for compounds 2a,b and 3a,b.

The  dissociative  ionization of  gem-
dichlorocyclopropanes 6 and 7a,b and alkenyl-
gem-dichlorocyclopropanes 2a,b and 3a,b, can
proceed as follows: the molecule decomposes into a
dichlorocyclopropane fragment and a substituent R;
alternatively, the molecule loses chlorine atoms while
preserving the carbon skeleton.

CONCLUSIONS

Thedichlorocarbenation of piperyleneby the Makoshi
method proceeds quantitatively yielding a mixture of cis-,
trans-1,1-dichloro-2-(prop-1-en-1-yl)cyclopropanes  and

Values of fission ion mass m and relative intensity of ion peaks e (% of maximum)

for compounds 2a,b and 3a,b

m/e (%)
Compound M+
150/152/154 79 77 115/117 99/101 135/137/139

2a <3 65 44/12 22/8 <5
2b <4 72 42/12 20/10

100 <5
3a <4 70 36/12 20/8
3b <8 72 46/26 22/10 <8
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cis-, trans-1,1-dichloro-2-vinyl-3-methylcyclopropanes.
Hydrogenation of the obtained isomeric alkenyl-gem-
dichlorocyclopropanes over a palladium catalyst (Pd/C)
gives 1,1-dichloro-2-propylcyclopropane and cis-, frans-
1,1-dichloro-2-methyl-3-ethylcyclopropanes. Cis-, trans-
1,1-dichloro-2-(prop-1-en-1-yl)cyclopropanes and cis-,
trans-1,1-dichloro-2-vinyl-3-methylcyclopropanes are
converted via thermocatalytic isomerization in the presence
of SAPO-34 zeolite to 4,4-dichloro-3-methylcyclopentene
in a yield of more than 90%.
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Synthesis and biological activity of /V-phosphonacetyl-L-aspartate’s
structural analogs NV-(a-dietoxyphosphorylcyclopropylcarbonyl)-
amino acids
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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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HAYUHAA CTATbBA

Cunre3 1 OMoJIornIecKasi AKTUBHOCTD /NV-(0-1u3TOKCU(pochopuI-
HUKJIONPONMMIKAPOOHII)AMUHOKHUCJIOT — CTPYKTYPHBIX AaHAJIOI0OB
N-pochonaneruni-L-acnaprara

H.C. Ky3emun®, [1.10. I0preB, I''A. Tonopkos, A.B. KaaucTpaToBa, A.B. KoBaaeHKO

Poccuiickuili xumurko-mexHonozuueckuii yHueepcumem um. [.H. Menoeneesa, Mocksa,
125047 Poccus
@ Aemop ona nepenucku, e-mail: kyzkaO6@mail.ru

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-
-L-acmaprara. 2020;15(5):26-35. https://doi.org/10.32362/2410-6593-2020-15-5-26-35

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

(0]
o o o ¥
)‘k | Aspartate || e O@
(@)
P \ S) C)
H,N O/ l@\O@ ATCase O/P\ \O@——:H \\\\\\COZ ATCase NH,
0 o N="\ N
Carbamoylphosphate H,N co, b 3 ” CoO
— - Carbamoylaspartate
(0]
o le g . o
O/P\ \O(%_)_ , H \\\\\COQ
‘ o
N
| ﬂ 5
! co,
PALA 1

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).

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(5):26-35

30



Ivan S. Kuzmin, Danil Yu. Yuriev, Grigorii A. Toporkov, et al.

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).

Tonkue xuMudeckue TexHosoruy = Fine Chemical Technologies. 2020;15(5):26-35

31



Synthesis and biological activity of N-phosphonacetyl-L-aspartate’s structural analogs ...

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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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
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Objectives. The aim of this work is to synthesize cationic amphiphiles based on malonic
acid amides. The target compounds should contain saturated and unsaturated alkyl chains
in the hydrophobic portion, and one or two positive charges in the polar head as created by
ethylenediamine and amino acid L-ornithine. For such cationic amphiphiles, we determined
physicochemical properties and transfection efficiency of liposomes based on them.

Methods. The initial compound in the synthesis is diethylmalonate. We used C-alkylation to
add the first hydrophobic chain (with octylbromide, dodecylbromide, or octadecylbromide).
N-oleylamine was used as the second hydrophobic chain, which was attached at the carboxyl
group of the malonic acid via amide bond formation. The polar head was represented by
ethylenediamine, which was then attached at the second carboxyl group of the malonic acid.
Further, L-ornithine was attached to ethylenediamine to produce cationic lipids with two positive
charges in the head group. The structures of the compounds were characterized by infrared
spectroscopy, nuclear magnetic resonance spectroscopy, and elemental analysis. Particle size
distribution was evaluated by photon correlation spectroscopy. The luciferase test was used to
determine transfection efficiency using HeLa cells.

Results. We have developed a synthesis scheme to produce new cationic amphiphiles with an
asymmetric hydrophobic part. The obtained liposomal particles are approximately 120 nm in size
and have a relatively high zeta potential of 29-30 mV.

Conclusions. The size of these liposomes allows them to penetrate into cells, which makes
it possible to use these compositions for transfection. The high zeta potential shows that the
particles are stable. Our results demonstrate that the transfection efficiency of our liposomes
(mixed with cholesterol) is comparable to a commercial formulation. Cationic amphiphiles based
on malonic acid amides have great potential for liposome development for transfection.

© N.A. Romanova, U.A. Budanova, Yu.L. Sebyakin, 2020

36



Nadezhda A. Romanova, Ulyana A. Budanova, Yury L. Sebyakin

Keywords: cationic lipids, malonic acid amides, cationic liposomes, transfection efficiency,
targeted delivery, cationic amphiphiles.

For citation: Romanova N.A., Budanova U.A., Sebyakin Yu.L. Cationic amphiphiles based on malonic acid amides as transfection
mediators. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2020;15(5):36-45 (Russ., Eng.). https://doi.org/10.32362/2410-6593-2020-15-5-36-45

HAYYHAS CTATbBA

Karuonnbie aMm(puduiibl Ha 0CHOBE aMU/I0B MAJIOHOBON KU CJIOTHI
B KayecTBe MeIMaTOPOB TPaHC(heKuu

H.A. PomaHOBa, Y.A. BynanoBa®, I0.A. CeGaruH

MHPSA — Poccutickuil mexHosozuueckuil yHugepcumem (MHcmumym moHKUX XUMUUECKUX MEeXHOI02UTL
umeru M.B. AomoHocoea), Mockea, 119571 Poccus
@Aemop ons nepenucku, e-mail: c-221@yandex.ru

Ienu. 3adaua daHHOU pabombl 3aKNOUANACH 8 NOAYUEHUU KAMUOHHBbIX AMPUPUIO8, S8ASIOULUX-
csl amuoamu mManoHoeoll Kucriomel. Llenesvle amgpugpusibl 00NXKHbL cO0epIKaAMb HACLIULEHHYIO U
HeHACLIUWEeHHYIO aNKUTbHblEe yenu 8 2u0pogpobHom bioKke, a maxkxie 00UH U 08a NOOIKUME T b-
HbLX 3apsi0a 8 NOJSIPHOL 207108HOU UACMU 34 cUem SMUNEHOUAMUHA U AMUHOKUCAOMbL L-opHu-
muHa. [ns makux KAmuoHHbX ampuguioe 0012KHbL bblimb onpedenieHbl PU3UKO-XUMUUEeCKUe
ceolicmea U mpaHcPeKYUoOHHAS. AKMUBHOCMb JTUNOCOMANTbHBIX KOMNO3UYUL HA UX OCHO8E.
Memoowst. Hcxo0HbM coeduHeHuem € cuHmese Obll OUIMUI0EbLil 3¢hup MANOHOBOU KUCO-
mot. C HUM npogoounu peakyuro C-anKuaupo8aHust 01t NpucoeouHeHUst nepsoti 2uopogobHoll
yenu (c ucnosnvzogaHuem okmuabpomuoa, codeyunrbpomuda u okmaoeyunbpomuda). B kaue-
cmee emopoii 2udpogpobHoll yenu ucnonwvzoganu N-oneunamuH, Komopwlii NPUCOeOUHSU NO
KapbOKCUNBLHOU epynne MaloHo80l Kuciomel nymem obpazoearust amMuoHoll cessu. IlonspHas
207108HasL 2pynna bvina npedcmasgaeHa SMULeHOUAMUHOM, KOMOPbLi NPUCOEOUHSIU N0 0CMas-
weticsi kapboKcunbHoU epynne MaioHo8ol Kuciomel. Jdanee K amuneHOUAMUHY NPUCOEOUHSL-
AU L-opHumuH Onst NOAYUeHUST KAMUOHHBIX AUNUO08 € 08YMSL NOJLOIKUMENbHbIMU 3apsi0aAMU
8 2os108HOU 2pynne. CmpyKkmypsl COeOUHEHUT XapaKmepu3o8aaiu ¢ NOMOULbI0 UHDPAKPACHOU
CNeKmpocKonuu, CneKmpocKkonuu 10epHo20 MAZHUMHO020 Pe30HAHCA U S/1leMeHMHO020 AHAU3A.
Memoodom ¢pomoHHO-KOPPEeNSIUUOHHOU CNeKMpPOCKONUU OUeHUBANU pacnpedeseHue uacmuy no
pasmepam. C nomowbto noyugepasHozo mecma onpedensnu sgpgpexmusHocms mpaHcger-
uuu Ha KremouHoi auHuu HelLa.

Pesynomameut. PaspabomaHa cxema cuHmMe3a HO8bLX KAMUOHHbLIX aMUPUPUIO8 ¢ HecumMme-
mpuuHsbim 2u0pPOopobHbIM bn0KoM. TTonyUueHHble HA UX OCHOBE TUNOCOMANIbHbLE UACMUYLL UMetom
pasmep okoso 120 HM u obradarom 0ocmamouHo 8blcoKuMm 03ema-nomeHyuaniom (29-30 mB).
Bwbi800bl. Pasmep NONYUEHHBbIX JUNOCOM NO3BOJSLEM UM NPOHUKAMb 8 KJemKu, umo oeaaem
BO3MOXKHBIM UCNOAB308AHUE MAKUX KOMNO3UYUll 05t mpaHcgerkyuu. Boicokuil 03ema-nomeH-
uuan csudemenscmayem ob ux cmadbunvHocmu. Hawu pesysismamosl nokazanu, umo agpgper-
musHoCMb MPAHCHEKYUU NOSAYUEHHBIMU JTUNOCOMAMU 8 CMECU C XOIeCMEePUHOM CONoCmasuma
¢ Kommepueckum npenapamom. KamuoHHble am@puguibl HA OCHO8E AMUO08 MASIOHOBOU KUCSO-
mbl SI8/SIIOMCS. NepCneKmueHbIMU 0151 paspabomKu mpaHCPeKYUOHHBIX JUNOCOMANbHBIX KOM-
no3uyull Ha ux ocHoee.

Knroueesle cnoea: KamuoHHble AUNUObL, AMUObL MATOHOBOU KUCIOMbL, KAMUOHHbLE JIUNOCOMBbL,
MPAHCPHEKUUOHHASL AKMUBHOCMb, HANPABLEHHASL 00CMA8KA, KAMUOHHblE AMPUPUILL

Jna yumuposanusn: Pomanosa H.A., bynanosa Y.A., Ce0sxun F0.JI. Karuonusie ampuduiibl Ha OCHOBE aMUI0B
MaJIOHOBOM KHUCJIOTHI B Ka4eCTBE MeAMATOPOB TpaHchekuuu. Toukue xumuueckue mexunonoeuu. 2020;15(5):36-45.
https://doi.org/10.32362/2410-6593-2020-15-5-36-45
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INTRODUCTION

Gene therapy is a promising approach for
many genetic disease treatments, which introduces
missing genes or replaces defective genes with healthy
ones [1]. Since the early stages of the development
of the concept of gene therapy in medicine, effective
methods of transferring nucleic acids to cells have
been proposed [2]. These methods provide the
delivery of polynucleotides to biological tissue
or cells—the so-called gene transfection. Due to
nuclease degradation, “pure” DNA or RNA cannot
penetrate the cell membrane without using physical
methods such as injections or “gene guns,” so carriers
able to transport DNA through the bloodstream and
effectively release genetic material near the cell
nucleus are needed [3].

Polynucleotide delivery systems are divided into
two main classes: viral and non-viral vectors [4-5].
Despite high transfection efficiencies, viral systems
have disadvantages as they can cause immune
responses to a greater or lesser extent [6].

Nucleic acid carrier systems based on cationic
lipids are a promising pharmaceutical tool for gene
therapy strategy implementation [7]. Unlike viral
systems, these complexes do not have immunogenic
potential or size restrictions of delivered genetic
fragments [8]. However, cationic lipids, as well as
other non-viral vectors such as polymers and peptides,
exhibit low transfection efficiency and pronounced
toxicity [9].

During the development of optimal transfection
systems, new lipids are constantly being synthesized
and studied. To increase the rate of transfection, the
structures of cationic lipids are changed, the ratios
with uncharged auxiliary lipids are changed, and
varying amounts of DNA are added [10-12]. In
this regard, it is important to study the physical and
chemical properties of lipids to better understand the
structure-efficiency relationship for gene transfer [7].
Therefore, numerous studies with multidisciplinary
approaches are needed [13].

The advantage of cationic lipids is that they
can be constructed in accordance with the “modular
principle”—it is possible to perform structural
changes separately in the head group, the linker, and
the lipophilic region [11, 14, 15]. The structure of the
hydrophobic domain determines the phase transition
temperature and bilayer fluidity, which further affects
the liposome stability, protection of DNA from
nucleases, endosomal output, release of DNA from
the lipoplex, and penetration into the nucleus [3, 16].
Oleic unsaturated chains promote endosomal release
by increasing the membrane fluidity of transfection
complexes [17]. The effectiveness of transfection

of cationic lipids is also affected by asymmetry [3].
In addition, multivalent lipids are more active than
monovalent lipids [11].

A promising class of cationic lipids is malonic
acid diamides [13]. Malonic acid-based cationic lipids
were first described in the literature (as nucleic acid
carriers) about 10 years ago. Malonic acid diethyl
ether is the central building block of synthesis. The
chemical properties of malonic acid make it possible
to attach alkyl chains via acyl functions in the form
of amides or esters [11]. Malonic acid diamides
with two long hydrophobic alkyl chains and a polar
head group, used as a new class of non-viral gene-
transferring agent, have shown high transfection
efficiency and moderate toxicity. In addition, amide
bonds showed better hydrolytic stability than ester
bonds. It was shown that an increase in the cationic
head group by combining with two lysine molecules,
rather than just one, leads to an increased transfection
efficiency [10, 15]. Thus, the characterization of the
biocompatibility of effective lipid compositions and
the study of therapeutic concepts for the medical
use of highly effective cationic lipids derived from
malonic acid are an urgent task [11].

The aim of this work is to obtain cationic
amphiphiles based on malonic acid amides
containing saturated and unsaturated alkyl chains in
a hydrophobic block (scheme 1), as well as one or
two positive charges in the polar head region created
by ethylenediamine and L-ornithine, and study the
properties and transfection activities of the liposomal
compositions based on them.

MATERIALS AND METHODS

General method

All chemicals and reagents were used without
pretreatment: diethylmalonate, ethylenediamine, octyl-
bromide, dodecylbromide, octadecylbromide (all—
Acros  Organics, Belgium), N-oleylamine (Sigma-
Aldrich, USA), di-tert-butyl dicarbonate (Boc,0)
(Sigma-Aldrich, USA), L-ornithine monohydrochloride
(L-Om*HCl) (Acros  Organics, Belgium), N,N’-
dicyclohexylcarbodiimide =~ (DCC)  (Sigma-Aldrich,
USA), 1-hydroxybenzotriazole (HOBT) (Sigma-Aldrich,
USA), potassium hydroxide (CHIMMED, Russia),
sodium sulfate anhydrous (CHIMMED, Russia), and
trifluoroacetic acid (TFA) (Biochem, Russia).

'"H NMR nuclear magnetic resonance spectra
were recorded in deuterated chloroform using a
Bruker WM-400 pulsed NMR spectrometer (Bruker,
Germany) with an operating frequency of 400 MHz.
The internal standard is hexamethyldisiloxane.
Infrared spectra were recorded on an EQUINOX
55 (Bruker, Germany) Fourier transform-infrared
spectrometer. Elemental analysis was performed using
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Scheme 1. Malonic acid amides.

a CHNS analyzer FLASH EA 1112 (Thermo Finnigan
Italia S.p.A, Italia). Thin-layer chromatography (TLC)
was performed on Sorbfil plates (/MID, Russia), and
column chromatography was performed on silica gel
with a size of 0.040-0.063 mm (Merck, Germany).
To detect spots in TLC, heating over the flame
of an alcohol lamp was used. To detect substances
containing amino groups, a 5% solution of ninhydrin
was used, followed by heating to 50°C.

EXPERIMENTAL

Mono-N-tert-butoxicarbonylethylenediamine
(1). 8.01 g (133.5 mmol) of 1,2-ethylenediamine was
dissolved in dioxane in an inert argon atmosphere,
and a solution of 3.78 g (17.34 mmol) Boc,O in
dioxane was added dropwise for 3 h. The mixture
was stirred at room temperature for 24 h. The solvent

was distilled in a vacuum, and the remaining solid
was dissolved in water. The product was isolated by
dichloromethane extraction (3 x 50 mL). The product
yield was 2.18 g (78.5%).

IR spectrum (v_ , cm™): 3355 (NH), 2978, 2934
(CH,), 1693 (C=0, “I amide band”), 1526 (NH, “II
amide band”), 1392, 1367, 1278, 1253 (C-0), 1173
(C-N), 1045 (CH,), 966 (CH,).

Diethyl ether of octylmalonic acid (2a). 0.49 g
(20.42 mmol) sodium hydride was gradually added
to a solution of diethylmalonate 3 g (18.75 mmol) in
anhydrous tetrahydrofuran and mixed for 1 h at room
temperature. After that, a solution of 3.29 g (17.05 mmol) of
octylbromide in anhydrous tetrahydrofuran was added
to the protonated diethylmalonate drop by drop and
mixed for 24 h. The solvent was distilled on a rotary
evaporator. Ice water was added to the reaction mass,
the products were extracted with ethyl acetate, dried
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with sodium sulfate, and the solvent was distilled on
a rotary evaporator. We obtained 4.23 g (82.9%) of
the product.

'H NMR spectrum of compound 2a (CDCIl,, 9,
ppm): 0.86 (t, 3H, —~CH,), 1.27 (m, 18H, —-CH,CH,,
-OCH,CH,), 1.89 (m, 2H, -CHCH-), 3.35 (t, 1H,
—-CH-), 4.18 (m, 4H, -OCH,CH,).

Diethyl ether of dodecylmalonic acid (2b).
Similarly, from 3 g (18.75 mmol) of diethylmalonate,
0.49 g (20.42 mmol) of sodium hydride, and 4.24 g
(17.03 mmol) of dodecylbromide. The product yield
was 5.16 g (83.9%).

'"H NMR spectrum of compound 2b (CDCI,,
d, ppm): 0.87 (t, 3H, -CH,), 1.28 (m, 26H, -CH,CH,,
-OCH,CH,)), 1.78 (m, 2H, -CHCH -), 3.30 (t, 1H,
~CH-), 4.20 (m, 4H, -OCH,CH,).

Diethyl ether of octadecylmalonic acid (2¢).
Similarly: from 2 g (12.50 mmol) of diethylmalonate,
0.33 g (13.75 mmol) of sodium hydride and 3.79 g
(11.37 mmol) of octadecylbromide. The product yield
was 3.91 g (83.5%).

'"H NMR spectrum of compound 2¢ (CDCI,,
3, ppm): 0.90 (t, 3H, -CH,), 1.27 (m, 38H, -CH,CH,,
-OCH,CH,), 1.84 (m, 2H, -CHCH,-), 3.37 (t, 1H,
—CH-), 4.21 (m, 4H, -OCH,CH,).

Monoethyl ether of octylmalonic acid (3a). To a
solution of 8.37 g (30.77 mmol) of compound 2a in
ethanol, a solution of 2.07 g (36.96 mmol) KOH in
ethanol was added dropwise for 1 h. Then the mixture
was mixed for 3 h and left overnight without stirring.
After that, ecthanol was distilled to half the volume
and the solution was acidified with an equimolar
amount of 0.1 M hydrochloric acid. The target
compound was extracted with ethyl acetate, dried
with sodium sulfate, and the solvent was distilled on a
rotary evaporator. The product was extracted by flash
chromatography with hexane elution, then by a 15 : 1
chloroform : methanol system. We obtained 3.69 g
(49.2%) of the product.

'"H NMR spectrum of compound 3a (CDCI,,
3, ppm): 0.86 (t, 3H, -CH,), 1.28 (m, 15H, -CH CH,,
-OCH,CH,), 1.89 (m, 2H, -CHCH -), 3.37 (t, 1H,
~CH-), 4.19 (m, 2H, -OCH,CH,).

Monoethyl ether of dodecylmalonic acid (3b).
Similarly: of the 7.83 g (23.87 mmol) compound 2b
and 1.6 g (28.57 mmol) KON. The product yield was
2.9 g2 (33.6%).

'"H NMR spectrum of compound 3b (CDCI,,
8, ppm): 0.87 (t, 3H, —-CH,), 1.24 (m, 23H, -CH,CH,,
-OCH,CH,), 1.70 (m, 2H, -CHCH ), 3.20 (t, 1H,
—-CH-), 4.16 (m, 2H, ~OCH,CH,).

Monoethyl ether of octadecylmalonic acid (3c¢).
Similarly: from 7.02 g (17.04 mmol) of compound 2¢
and 1.15 g (20.54 mmol) KOH. The product yield was
2.6 2 (39.8%).

'"H NMR spectrum of compound 3¢ (CDCI,,
9, ppm): 0.88 (t, 3H, ~CH,), 1.28 (m, 33H, -CH CH,,
—-OCH,CH,), 1.91 (m, 2H, -CHCH,CH-), 3.38 (t,
1H, -CH-), 3.72 (m, 2H, -CHCH,-), 4.18 (m, 2H,
—~OCH,CH,).

Ethyl ester of 2-{[(9Z)-octadec-9-enoylamino]-
carbonyl}decanoic acid (4a). To a solution of 217.9 mg
(0.89 mmol) of compound 3a in anhydrous methylene
chloride at 0°C, 241 mg (1.79 mmol) HOBT and a
solution of 368 mg (1.79 mmol) DCC were added with
stirring. After that, 287 mg (1.07 mmol) of oleylamine
in anhydrous dichloromethane was added to the
solution. The mixture was kept for 2 h when cooled
and left for a day while stirring at room temperature,
and then the precipitate was filtered out. The solvent
was distilled on a rotary evaporator. The product
was isolated by column chromatography in a 40 : 1
tetrachloromethane : methanol system. We obtained
299 mg (68.0%) of the product.

'"H NMR spectrum of compound 4a (CDCI,,
8, ppm): 0.86 (t, 6H, 2CH,), 1.26 (m, 37H, -CH CH,,
-OCH,CH,), 1.47 (m, 2H, -NHCH,CH -), 1.84 (m,
2H, -CHCH-), 1.97 (m, 4H, -CH CH=CHCH -),
3.23 (m, 3H, -CH-, -CH,NHCO-), 4.18 (m, 2H,
-OCH,_CH,), 5.35 (m, 2H, -CH=CH-), 6.55 (m, 1H,
—NH-).

Ethyl ether of 2-{[(9Z)-octadec-9-enoylamino]-
carbonyl}tetradecanoic acid (4b). Similarly: from
182 mg (0.61 mmol) of compound 3b, 164 mg (1.21 mmol)
of 1-hydroxybenzotriazole, 251 mg (1.22 mmol) of
N,N’-dicyclohexylcarbodiimide, and 195 mg (0.73 mmol)
of oleylamine. The product yield was 226 mg (67.5%).

'"H NMR spectrum of compound 4b (CDCI,,
8, ppm): 0.87 (t, 6H, 2CH,), 1.26 (m, 45H, -CH,CH,,
-OCH,CH,), 1.48 (m, 2H, -NHCH,CH -), 1.86 (m,
2H, -CHCH -), 1.99 (m, 4H, -CH CH=CHCH -),
3.23 (m, 3H, -CH-, -CH ,NHCO-), 4.18 (m, 2H,
—-OCH,CH,), 5.34 (m, 2H, -CH=CH-), 6.58 (m, 1H,
—NH-).

Ethyl ether of 2-{[(9Z)-octadec-9-enoylamino]-
carbonyl}eicosanic acid (4¢). Similarly: of the 190 mg
(0.49 mmol) compound 3¢, 134 mg (0.99 mmol)
HOBT, 204 mg (0.99 mmol) DCC, and 159 mg (0.59 mmol)
oleylamine. The product yield was 205 mg (65.5%).

'"H NMR spectrum of compound 4¢ (CDCI,,
8, ppm): 0.87 (t, 6H, 2CH,), 1.27 (m, 57H, -CH,CH,,
-OCH,CH,), 1.49 (m, 2H, -NHCH,CH -), 1.83 (m,
2H, -CHCH -), 2.00 (m, 4H, -CH CH=CHCH -),
3.23 (m, 3H, -CH-, -CH NHCO-), 4.18 (m, 2H,
—-OCH,CH,), 5.34 (m, 2H, -CH=CH-), 6.57 (m, 1H,
—NH-).

2-{[(9Z2)-octadec-9-enoylamino]|carbonyl}-
decanoic acid (5a). To a solution of 277 mg (0.56 mmol)
of compound 4a in ethanol, a solution of 63 mg
(1.13 mmol) KOH in ethanol was added dropwise
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for one hour. Then the solution was mixed at boiling
conditions for eight hours. After that, ethanol was
distilled to half the volume and the reaction mass
was acidified with an equimolar amount of 0.1 M
hydrochloric acid. The compound was extracted
with ethyl acetate, dried with sodium sulfate, and
the solvent was distilled on a rotary evaporator. We
obtained 245 mg (94.0%) of the product.

"H NMR spectrum of compound 5a (CDCI,,
8, ppm): 0.87 (t, 6H, 2CH,), 1.27 (m, 34H,-CH,CH,),
1.47 (m, 2H, -NHCH,CH_-), 1.94 (m, 6H, -CHCH -,
—-CH CH=CHCH,-), 3.19 (t, IH, -CH-), 3.30 (m, 2H,
~CH NHCO-), 5.34 (m, 2H, -CH=CH-), 6.43 (m,
1H, -NH-).

2-{[(92)-octadec-9-enoylamino]|carbonyl}-
tetradecanoic acid (5b). Similarly: of 200 mg (0.36 mmol)
compound 4b and 40 mg (0.71 mmol) KON. The
product yield was 153 mg (81.8%).

'"H NMR spectrum of compound 5b (CDCI,,
8, ppm): 0.90 (t, 6H, 2CH,), 1.27 (m, 42H,-CH,CH,),
1.53 (m 2H, -NHCH,CH -), 1.95 (m, 6H, -CHCH —,
-CH CH=CHCH,-), 3.15 (t, 1H, -H-), 3.31 (m, 2H,
—CH NHCO-), 5.35 (m, 2H, -CH=CH-), 6.26 (m,
1H, -NH-).

2-{[(9Z)-octadec-9-enoylamino]carbonyl}-
eicosanic acid (5¢). Similarly: of the 190 mg (0.30 mmol)
compound 4c¢ and 34 mg (0.61 mmol) KON. The
product yield was 170 mg (93.6%).

'"H NMR spectrum of compound 5S¢ (CDCI,,
8, ppm): 0.88 (t, 6H, 2CH,), 1.27 (m, 54H,-CH,CH,),
1.53 (m, 2H, -NHCH,CH -), 2.01 (m, 6H, -CHCH —,
—~CH,CH=CHCH -), 3.16 (t, 1H, ~CH-), 3.30 (m, 2H,
—CH NHCO-), 5.35 (m, 2H, -CH=CH-), 6.33 (m,
1H, -NH-).

The diamide N-2-[(/V-tert-butoxycarbonyl)-
amino]ethyl-2-octyl-N’-[(9Z)-octadec-9-enoyl]-
propane (6a). To a solution of 255 mg (0.55 mmol)
of compound 5a in anhydrous methylene chloride
at 0°C, 149 mg (1.1 mmol) HOBT and a solution
of 226 mg (1.1 mmol) DCC were added with
stirring. Then 105 mg (0.66 mmol) of Boc-protected
ethylenediamine in anhydrous dichloromethane was
added to the solution. The mixture was kept for 2 h
at 0°C and then stirred for 24 h at room temperature.
The precipitate was then filtered out. The solvent
was distilled on a rotary evaporator. The product
was isolated by column chromatography in the 40 : 1
tetrachloromethane : methanol system. We obtained
259 mg (77.8%) of the product.

'"H NMR spectrum of compound 6a (CDCI,,
6, ppm): 0.88 (t, 6H, 2CH,), 1.23 (m, 34H,-CH,CH,),
1.45 (m, 11H, 3CH,, -NHCH,CH ~), 1.65 (m, 2H,
—~CHCH,-), 1.95 (m, 4H, -CH,CH=CHCH,-), 2.95 (t,
1H, -CH-), 3.25 (m, 4H, -OCNHCH ~CH NHCO-),
3.43 (m, 2H, -CH NHCO-), 5.01 (m, 1H, -NH-),

5.37 (m, 2H, -CH=CH-), 6.82 (m, 1H, -NH-), 7.28
(m, 1H, -NH-).

The diamide N-2-[(/V-tert-butoxycarbonyl)-
amino]ethyl-2-dodecyl-N’-[(9Z)-octadec-9-enoyl]-
propane (6b). Similarly: of 66 mg (0.13 mmol)
compound Sb, 35 mg (0.26 mmol) HOBT, 53 mg
(0.26 mmol) DCC, and 26 mg (0.16 mmol) Boc-
protected ethylenediamine. The product yield was
55.1 mg (65.6%).

'"H NMR spectrum of compound 6b (CDCI,,
8, ppm): 0.87 (t, 6H,2CH,), 1.16 (m, 42H,-CH,CH,),
1.43 (c, 9H, 3CH,),1.63 (m, 2H, -NHCH,CH -), 1.81
(m, 2H,-CHCH -), 1.99 (m, 4H, -CH,CH=CHCH -),
294 (t, 1H, -CH-), 3.24 (m, 4H, -OCNHCH,-CH NHCO-),
3.43 (m, 2H, -CH NHCO-), 5.00 (m, 1H, -NH-),
5.34 (m, 2H, -CH=CH-), 6.81 (m, 1H, -NH-), 7.26
(m, 1H, -NH-).

The diamide N-2-[(/V-fert-butoxycarbonyl)-
amino]ethyl-2-octadecyl-/V’-[(9Z)-octadec-9-enoyl]-
propane (6¢). Similarly: of 160 mg (0.26 mmol)
compound 5¢, 71 mg (0.53 mmol) HOBT, 109 mg
(0.53 mmol) DCC, and 51 mg (0.32 mmol) Boc-
protected ethylenediamine. The product yield was
179.8 mg (90.8%).

'"H NMR spectrum of compound 6¢ (CDCI,,
8, ppm): 0.87 (t, 6H,2CH,), 1.20 (m, 54H, -CH,CH,),
1.43 (c, 9H, 3CH,),1.60 (m, 2H, -NHCH,CH -), 1.72
(m, 2H,-CHCH ), 1.95 (m, 4H, -CH,CH=CHCH -),
293 (t, 1H, -CH-), 3.23 (m, 4H, -OCNHCH,-CH NHCO-),
3.42 (m, 2H, -CH NHCO-), 4.98 (m, 1H, -NH-),
5.32 (m, 2H, -CH=CH-), 6.76 (m, 1H, -NH-), 7.21
(m, 1H, -NH-).

Diamide N-(2-aminoethyl)-2-octyl-N’-[(9Z)-
octadec-9-enoyl|propane (7a). To 248 mg (0.41 mmol)
of compound 6a, 70 mg (6.14 mmol) of TFA was
added in 3 mL of methylene chloride, and stirred for
3 h at 0°C. Then the reaction mass was washed with
a 10% solution of sodium bicarbonate and water. The
organic residue was dried with sodium sulfate, and
the solvent was distilled in a vacuum. We obtained
201.8 mg (97.5%) of the product.

Diamide /N-(2-aminoethyl)-2-dodecyl-N’-[(9Z)-
octadec-9-enoyl|propane (7b). Similarly: from 135 mg
(0.20 mmol) of compound 6b and 35 mg (3.07 mmol)
of TFA. The product yield was 110.4 mg (96.0%).

Diamide NV-(2-aminoethyl)-2-octadecyl-N’-[(92)-
octadec-9-enoyl|propane (7c¢). Similarly: from 169 mg
(0.23 mmol) of compound 6¢ and 39 mg (3.42 mmol)
of TFA. The product yield was 142.6 mg (97.0%).

Diamide N’-2-[(2,5-di(/N-tert-butoxycarbonyl)-
amino-1-oxopentyl)amino]ethyl-2-octyl-N-[(92)-
octadec-9-enoyl|propane (8a). To a 250 mg (0.49 mmol)
solution of compound 7a in anhydrous methylene
chloride at 0°C, 133 mg (0.99 mmol) HOBT and a
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203 mg (0.99 mmol) DCC solution were added during
mixing. Then 196 mg (0.59 mmol) of Boc-protected
ornithine in anhydrous dichloromethane was added
to the solution. The mixture was kept for 2 h when
cooled and stirred for 24 h at room temperature,
and the precipitate was filtered out. The solvent was
distilled on a rotary evaporator. The product was
isolated by column chromatography in the 40 : 1
tetrachloromethane : methanol system. We obtained
219 mg (54.1%) of the product.

'H NMR spectrum of compound 8a (CDCI,,
8, ppm): 0.85(t, 6H, 2CH,), 1.21 (m, 34H,-CH CH,),
1.43 (s, 18H, 6CH,), 1.54 (m, 2H, -NHCH,CH -),
1.69 (m, 4H, -CHCH,CH,CH NHCO-), 1.93 (m,
6H, -CHCH -, -CH CH=CHCH,-), 3.08 (m, 2H,
—CH NHCO), 3.20 (m, 3H, -CH-, -CH NHCO-),
3.46 (m, 5H, -CH—-, -OCNHCH ~-CH NHCO-), 4.10
(m, 1H, -NH-), 4.89 (m, 1H, -NH-), 5.23 (m, 1H, -NH-),
5.33 (m, 2H, -CH=CH-), 6.96 (m, 1H, -NH-), 7.37
(m, 1H, -NH-).

Diamide N’-2-[(2,5-di(/N-tert-butoxycarbonyl)-
amino-1-oxopentyl)amino]ethyl-2-dodecyl-/N-
[(9Z)-octadec-9-enoyl]propane (8b). Similarly: of
141 mg (0.25 mmol) compound 7b, 68 mg (0.5 mmol)
HOBT, 103 mg (0.5 mmol) DCC, and 100 mg (0.3 mmol)
Boc-protected ornithine. The product yield was 166 mg
(75.5%).

'"H NMR spectrum of compound 8b (CDCI,,
8, ppm): 0.87 (t, 6H, 2CH,), 1.24 (m, 42H,-CH,CH,),
1.43 (s, 18H, 6CH,), 1.54 (m, 2H, -NHCH,CH ),
1.69 (m, 4H, -CHCH,CH CH NHCO-), 1.92 (m,
6H, -CHCH —, -CH CH=CHCH -), 3.06 (m, 2H,
-CH NHCO), 3.19 (m, 3H, -CH-, -CH NHCO-),
3.44 (m, 5H, -CH-, -OCNHCH -CH NHCO-),
4.10 (m, 1H, -NH-), 4.87 (m, 1H, -NH-), 5.20 (m,
1H, -NH-), 5.33 (m, 2H, -CH=CH-), 6.94 (m, 1H,
-NH-), 7.36 (m, 1H, —-NH-).

Diamide NV’-2-[(2,5-di(/V-tert-butoxycarbonyl)-
amino-1-oxopentyl)amino]ethyl-2-octadecyl-/NV-
[(9Z)-octadec-9-enoyl|propane (8c). Similarly: of
the 159 mg (0.25 mmol) compound 7¢, 66 mg (0.49 mmol)
HOBT, 101 mg (0.49 mmol) DCC, and 97 mg
(0.29 mmol) Boc-protected ornithine. The product
yield was 158.8 mg (67.3%).

'"H NMR spectrum of compound 8¢ (CDCI,,
o, ppm): 0.87 (t, 6H, 2CH,), 1.20 (m, 54H, -CH CH,),
1.46 (s, 18H, 6CH,), 1.59 (m, 2H, -NHCH,CH -),
1.70 (m, 4H, -CHCH,CH ,CH,NHCO-), 1.92 (m,
6H, -CHCH -, -CH CH=CHCH,~), 3.07 (m, 2H,
-CH,NHCO), 3.26 (m, 3H, -CH-, -CH NHCO-),
3.45 (m, 5H, -CH~-, -OCNHCH,-CH NHCO-), 4.15
(m, 1H, -NH-), 4.88 (m, 1H, -NH-), 5.25 (m, 1H,
—NH-), 5.33 (m, 2H, -CH=CH-), 6.94 (m, 1H, -NH-),
7.38 (m, 1H, -NH-).

Diamide N’-2-[(2,5-diamino-1-oxopentyl)amino]-
ethyl-2-octyl-N-[(9Z)-octadec-9-enoyl]propane
(9a). To 5 mL of a 208 mg (0.25 mmol) solution of
compound 8a in methylene chloride, 1.59 g (13.95 mmol)
of TFA in 1 mL of methylene chloride was added and
stirred for three hours at 0°C. The solvent and excess
acid were distilled on a vacuum rotary evaporator. We
obtained 213 mg (99.1%) of the product. Found, %:
C56.19; H8.25; N 7.95. C, H,,N.O_F . Calculated, %:
C 56.54; H 8.60; N 8.25.

Diamide  N’-2-[(2,5-diamino-1-oxopentyl)amino]-
ethyl-2-dodecyl-N-[(9Z)-octadec-9-enoyl|propane
(9b). Similarly: from 64 mg (0.07 mmol) of compound
8b and 915 mg (8.03 mmol) of TFA. The product yield
was 65 mg (98.5%). Found, %: C 57.89; H 8.43; N 7.83.
C,H, N.O.F . Calculated, %: C 58.34; H 8.95; N 7.74.

447781 577 6°
Diamide ’-2-[(2,5-diamino-1-oxopentyl)amino]-
ethyl-2-octadecyl-N-[(9Z)-octadec-9-enoyl]-
propane (9¢). Similarly: from 58 mg (0.06 mmol)
of compound 8¢ and 1.1 g (9.65 mmol) of TFA.
The product yield was 59 mg (98.3%). Found, %: C
60.32; H 9.14; N 6.82. C_. H_ _N_.O_F . Calculated, %:

5077937 577 67

C 60.67; H 9.40; N 7.08.

Preparation of liposomal dispersions

Two types of liposomes were obtained: from pure
cationic lipid and from a mixture of cationic lipid
and cholesterol in a ratio of 7 : 3. Four milligrams
of each type of lipid composition were dissolved in
chloroform. The solvent was distilled on a vacuum
rotary evaporator to form a thin lipid film. The
resulting films were dried in vacuum for three hours
and then hydrated with 2 mL of distilled water at
room temperature. The hydrated films were shaken
and processed in an ultrasonic bath (2 x 30 min) at
40°C. The particle size distribution was estimated
using photon correlation spectroscopy, which is based
on the principles of dynamic light scattering, using a
Photocor Compact-Z particle size analyzer (Russia).

Plasmid DNA transfection

Cells were planted in a tablet in the amount
of 7 x 10° cells per well in 300 pL of full DMEM
culture medium and incubated for 24 h at 37°C in a
CO, incubator until a monolayer was reached the day
before transfection. A dispersion of the transfection
agent with a total volume of 80 pL, consisting of
1.177 pL of pGL3 plasmid and 9 pL of liposomal
dispersion, was prepared in a serum-free OPTIMEM
medium (ratio N : P = 16 : 1). The commercial
transfection agent Lipofectamine 2000 (Thermo
Fisher Scientific, USA) was used as a positive
control. A “naked” plasmid was used as a negative
control. The prepared mixtures were kept for 20 min
at room temperature and applied to a monolayer
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of cells in wells. The cells were incubated at 37°C
in a CO, incubator for 24 h, and then activity was
determined using a luciferase test.

Luciferase test

The test was performed using the Luciferase
Assay System (Promega Corporation, USA)
commercial Suite. To do this, growth medium was
removed from the wells and then 70 puL of Glo Lysis
Buffer, 1X (Promega Corporation, USA) was added.
The cells were maintained at 37°C for 15 min ina CO,
incubator to achieve complete lysis. Then they were
taken from the bottom of the cells and transferred to
Eppendorf plastic tubes (Germany). To precipitate
cellular debris, the resulting lysate was centrifuged
for three minutes at 10000 rpm. A 50 pL aliquot of the
supernatant was selected, and a luciferase substrate
was added in a ratio of 1 : 1. The transfection
efficiency was assessed by the luminescence level on
a GloMax 20/20 Luminometer (USA).

RESULTS AND DISCUSSION

In this work, malonic acid amides were
synthesized (Scheme 1), where the initial compound
in the synthesis was malonic acid diethyl ether.
The mobility of the a-methylene hydrogen link
and its increased acidity in the molecule enable the
C-alkylation reaction, which result in the attachment
of the first hydrophobic chain. For this purpose,
CH Br, C _H,Br, and C_ H, Br bromides were
used, thereby obtaining three corresponding cationic
lipids that differ in hydrophobic block length.

The asymmetry effect and presence of
unsaturated higher fatty acid residues in the
hydrophobic block on the efficiency of transfection
is known from literature [3]. Therefore, as the second
hydrophobic chain, N-oleylamine was used, which
was attached to the carboxyl group of malonic acid
by forming an amide bond. The polar head group was
first represented by ethylenediamine, which was then
attached to the remaining carboxyl group of malonic
acid by forming an amide bond. Then the natural
amino acid L-ornithine was added to ethylenediamine
to produce cationic lipids with two positive charges
in the head group.

The physicochemical properties of the obtained
one- and two-component liposomal dispersions
(cationic lipid and a mixture of cationic lipid and
cholesterol in a ratio of 7 : 3) were studied, and
the particle sizes, zeta potentials, and transfection
efficiencies were determined. The particle sizes
were practically unchanged when cholesterol was
added to the lipid and were within 100 nm, which is

Cumulative number, %

necessary for effective transfection (Fig. 1). The zeta
potentials of the compositions were 29-30 mV. The
values of this parameter at the level of 30 mV refer
to the stability of the obtained particles, that is, their
stability in relation to aggregation [18].

100

75 4

50 4

25 7

le-4 0.01 1 100

Diameter, nm

let+4

Fig. 1. Size distribution of dispersion particles
based on compound 7b.

Transfection effectiveness of the obtained
liposomes was studied on the HeLa cell line
(cervical cancer cells) by assessing the level of
luminescence in the cell supernatants of the studied
samples after delivery of the pGL3 plasmid encoding
the luciferase gene. A commercially available
transfection agent Lipofectamine 2000 was used as
a positive control and a “naked” plasmid was used
as a negative control. It was found that sample 7b,
in which cholesterol was added to the cationic lipid,
showed a good result, almost reaching the level of
transfection activity of Lipofectamine 2000 (Fig. 2).
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100

30 0.022 0.0037

Luminescence intensity ofluciferase, %

® Lipid 7b

® Lipid 7b : Cholesterol (7 : 3)
Lipofectamine2000

= pGL3

Fig. 2. Transfection efficiency for obtained liposomes.

CONCLUSIONS

A synthesis scheme was developed and new cationic
amphiphiles with an asymmetric hydrophobic block
were generated. Liposomal dispersions were formed, and
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Influence of iron ore concentrate (magnetite) on the kinetics
of butadiene-styrene rubber-based blend curing in the presence
of different accelerators
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Objectives. To investigate the possibility of using a cheaper ingredient, such as magnetite, in
the synthesis of rubber compounds based on butadiene-styrene rubber by examining its effect
on the process of sulfuric vulcanization of butadiene—styrene rubber in the presence of various
accelerators.

Methods. The influence of magnetite on the vulcanization kinetics was studied using an Alpha
Technologies PRPA 2000 rotorless rheometer. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were performed using a Mettler Toledo TGA/DSC 2 device to evaluate
the effect of magnetite on the butadiene—styrene rubber-based vulcanizates’ oxidation.

Results. Magnetite was found to affect the kinetics of SBR-1500 butadiene-styrene rubber
sulfuric vulcanization in the presence of thiazole-type accelerators (2-MBT, 2-MBS); in contrast,
magnetite was inactive in the case of diphenylguanidine, sulfenamide T, and tetramethylthiuram
disulfide. The obtained TGA/DSC data showed that magnetite has no significant effect on the
butadiene-styrene rubber-based vulcanizates’ oxidation and thermal destruction.

Conclusions. The obtained data confirmed magnetite’s capability to act as a butadiene—styrene
rubber sulfuric vulcanization activator in the presence of various accelerators. The most significant
effect was observed in the presence of thiazole-type accelerators.

Keywords: iron ore concentrate, magnetite, butadiene—styrene rubber, vulcanization activator,
kinetics of curing, thermogravimetric analysis, differential scanning calorimetry
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HAYYHAS CTATbA

BiausiHue xej1e30pyIHOr0 KOHIEHTPaTa (MArHETUTA) HA KHHETUKY
BYJIKAHM3ALIMYU PE3MHOBBIX CMeced HA OCHOBE Oy TaIMeH-CTHPOJIHLHOTO
KAay4yKa B IPUCYTCTBUHU PA3JIMYHbIX YCKOPUTEJIEH

A.A. Xagyarypor®, E.J. [Ioranos, C.B. Pe3dunuyenko, A.H. KoBaaeBa

MHPSA — Poccutickuil mexHonozuueckuil ynugepcumem, Mockea, 119454 Poccus

@Aemop ons nepenucku, e-mail: xa4aram@mail.ru

Ienu. H3yuumsb 803MO2KHOCMb NPUMEHEHUSL 8 pEUenmMypax pe3uHosulx cmecell Ha ocHoge byma-
JueH-cmupobHo20 Kayuyka bosee deulesozo uHzpedueHma — mazHemuma nymem OyeHKU e20
BAIUSIHUSL HA NPOUECC CePHOU 8YNKAHUZAUUU BYMadueH-CmuUpobHO20 KaAyuyKka 8 npucymemeuu
PA3UUHBLX YycKopumenet.

Memoobvt. BausiHue mazHemuma HA4 KUHEMUKY SYJAKAHU3AUUU UCCed08ANU C NOMOWbIO Oes-
pomoprozo peomempa AlphaTechnologies PRPA 2000. Memodamu mepmozpasumempuueckozo
ananusa (TTA) u ougpgeperyuanvHo-ckarupyrouweti karopumempuu ([ICK) oueHunu enusHue
MazHemMuma Ha NPoYecc OKUCeHUSL BYAKAHUIAMO8 HA 0CHO8e bYymadueH-CmupolbHO20 Kayuyka
Ha npubope Mettler Toledo TGA/DSC 2.

Pesynemamet. [lokazaHo, umo mazHemum eauslem HA KUHeMUKY CepHOU B8YAKAHU3A-
yuu bymaoueH-cmuponbHozo kKayuyka SBR-1500 e npucymcemeuu yckopumeseli muasonoso-
20 psida (OubeHzomuazonoucyabgpuo, 2-mepkanmobeH30muason), 8 mo epems KaK 8 cayuae C
1,3-0ugperunzyarudurom, cysrogpeHamuoom T (N-mpem-6ymun-2-6eH3mua3oncyibpeHamuo) u mu-
ypamom (mempamemunmuypamoucyiopud) mazHemum manoaxmuseH. [JaHHble, NOAYUeHHble C
TT'A//ICK, oemoHcmpupyom, umo mazHemum He3HAUUMEeNbHO 8AUslem HA OKUCEHUE, d mMaKoKe
HO MepMOoOecCmpyKyYUo 8YAKAHUIAMO8 HA 0CHO8E BYmadueH-CMmupobHO20 KayuyKa.

Buieoodbsl. HccnedogaHo enusiHue mMazHemuma Ha KUHemuKy npoyecca CepHOll 8YNKAHUIAUUU
6ymaodueH-cmupobHO20 KayuyKka 8 NPpUucymemeuu pasiuuHsblx yckopumeneii. Haubonvwiuii a¢p-
exm Habodaemest 8 npucymemauu yckopumeneli muasonogozo psiod.

Knroueeble cnoea: rxene3opyoHslii KOHUeHmpam, mazHemum, bymadueH-cmuposbHelil Ka-
YuykK, aKxmueamop 8YAKAHU3AYUU, KUHEeMmUKa 8YJAKAHUIAUUU, MepMo2pasumempuueckuii

aHanus, ouppeperHyuarbHo-CKAHUPYUWAs KAlopuMempust

Jna yumupoeanusa: XadatypoB A.A., [loranos E.D., Pesanuenko C.B., Koanesa A.H. Bnausaue xene3opymgHoro
KOHIIEHTpaTa (MarHeTHTa) Ha KHHETHUKY BYJIKaHU3alUN PE3MHOBBIX CMeceil Ha OCHOBE OyTaaueH-CTUPOJIBHOTO KayuyKa B
MPUCYTCTBUH PA3IUIHBIX ycKoputenen. Tonkue xumuuecxkue mexnonozuu. 2020;15(5):46-53.

https://doi.org/10.32362/2410-6593-2020-15-5-46-53

INTRODUCTION

The choice of ingredients for synthesizing
various rubber compounds is critical in the
production of serial elastomeric products. When
developing a new elastomeric compound, three main
ingredient characteristics must be considered during
compounding—the properties, manufacturability,
and price of the elastomeric material [1]. These
three characteristics are crucial in the manufacturing
sector because certain ingredients can significantly
enhance the vulcanization parameters and properties
of the final product. However, such products are
unaffordable in the market as their costs increase
exponentially. Thus, the chemical analysts face

the challenge of a) improving product quality, b)
attributing it a set of new properties, ¢) reducing the
concentration of expensive system ingredients, d)
lowering the synthesis cost without compromising
the technological characteristics of the mixtures, and
e) reducing the operational properties of the finished
product. Therefore, the search for new rubber
compound ingredients is an urgent task [2-5].

In previous works [6, 7], the effect of magnetite
on the kinetics of butadiene—styrene rubber SKS-30
ARK vulcanization in the absence of zinc oxide was
studied. Therein, magnetite acted as an activator of
sulfur vulcanization. However, the characteristics of the
vulcanizates obtained with its use are slightly inferior to
the properties of standard rubbers.

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(5):46-53

47



Influence of iron ore concentrate (magnetite) on the kinetics of butadiene-styrene rubber-based blend curing ...

MATERIALS AND METHODS

The primary objective of this work is to study
the kinetics of black-extended elastomeric material
vulcanization based on SBR-1500 butadiene—styrene
rubber in the presence of the classic vulcanizing
group and with other sulfur vulcanization accelerators
to investigate the potential use of magnetite in the
composition of sulfuric vulcanizing systems as an active
component that enhances vulcanization parameters of
rubber compounds. In addition, the effect of different
magnetite contents on the aging process of elastomeric
material was examined by studying the nature of the
variation in the thermogrvimetric analysis (TGA)
curves and differential scanning calorimetry (DSC) of
SBR-1500-based vulcanizates.

Herein, we used iron ore concentrate containing more
than 69.5% mass fraction of iron, TU 0712-030-001186803-99
(Lebedinsky Mining and Processing Plant, Russia).

The dispersion of the iron ore concentrate powder
was investigated using an Analysette 22 MicroTec Plus
laser diffractometer manufactured by Fritsch GmbH,
Germany.

RESULTS AND DISCUSSION

The particle size distribution (Fig. 1) is unimodal
(from 0.1 to 100 pm). The maximum differential
distribution dQ of the volume fraction of particles falls
on ~20-pm-sized particles. The integral dependence of
the volume fraction Q of particles on the size shows
that 50% and 90% of the iron ore concentrate particles
are less than 15 and 40 pm in size, respectively.

Figure 2 shows the X-ray diffractogram of
the iron ore concentrate powder obtained on an

dQ3(x) ,% Q3(x) ,%
5 100
2
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Fig. 1. Differential QO (1) and integral Q (2) curves
of iron ore concentrate powder particle distribution
(obtained using Analysette 22 MicroTec Plus,
Fritsch GmbH, Germany).

HZG-4 X-ray diffractometer (Helmholtz-Zentrum
Geesthacht, Germany) (Ni filter): CuKa = 1.54051 A
on a diffracted beam in the step-by-step mode with
a pulse acquisition time of 10 s and a step value of
0.02° in the angular range of 2@ = 2°-80°.

The iron ore concentrate used was magnetite,
as evidenced by diffraction reflections at 2@ values
of ~36°, ~57°, and ~63°. The resulting spectrum is
consistent with that obtained from the international
database of diffraction standards, the Crystallography
Open Database'. In the angular range of 20 = 16°-26°,
an amorphous halo and diffraction reflections
characteristic of quartz can be observed at 20 = ~27°
and ~41° [8]. Silicon dioxide content determined
from the diffraction patterns via semiquantitative
analysis (using the Match! software package,
CRYSTAL IMPACT GbR, Germany)? is about 5-6%.

600
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200+
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Fig. 2. Diffraction pattern of iron ore concentrate obtained
from the Lebedinsky Mining and Processing Plant:
(1) Fe,O, phase; (2) SiO, phase.

The rubber compounds were prepared in a
Brabender laboratory rubber mixer (Brabender
GmbH & Co KG, Germany) at a chamber temperature
of 7= 60°C and an angular speed of rotor rotation,
® = 60—63 rpm, with the total mixing time being t < 10 min.
The mixing was performed in two stages. In the first
stage, SBR-1500 butadiene—styrene rubber, zinc
oxide (ZnO), stearic acid, and fillers—magnetite,
carbon black (CB) N339, or their mixtures having
various compositions—were introduced; then, the
mixture was cooled. In the second stage, the curing
system was introduced, and the resulting mixtures
were finalized on rollers.

The amount of magnetite in the mixtures based
on SBR-1500 varied in the range of 0, 25, and 50 per
hundreds of rubber (phr) at a constant concentration

! Crystallography Open Database.
URL: http://www.crystallography.net.
2 URL: http://www.crystalimpact.com/match/Default.htm
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of CB N339: 50 phr (see Table 1). In the case of altax
(2-MBS) and sulfenamide T (TBBS), a formulation
corresponding to GOST 15627-79' and GOST ISO
2322-20132 was used. For the remaining accelerators,
TBBS accelerators were replaced with an equimolar
amount of tetramethylthiuram disulfide (TMTD),
diphenylguanidine (DPG), and captax (2-MBT)
accelerators in accordance with ISO 2322:2009. In
the case of mixtures containing DPG and 2-MBT as
accelerators, the accelerator content was increased to
3.0 phr because at lower concentrations (vulcanization
temperature 7;, = 160°C, process duration T = 60 min) the
torque in the time curve did not reach the vulcanization
plateau.

Vulcanization parameters were determined
using an RPA 2000 rotorless rheometer (Alpha
Technologies, USA). Rheometric curves were plotted
at a temperature of 7\, = 160°C for T = 60 min.

TGA/DSC studies were performed on samples based
on SBR-1500 manufactured according to ISO 2322:2009,
with a constant total filler content of 50 phr. The dosage
of magnetite was increased from 0 to 50 phr in
increments of 10 phr, and the dosage of CB N339
was decreased in the same order. Measurements were
conducted on a TGA/DSC 2 device (Mettler Toledo,
USA) in an atmosphere of nitrogen and oxygen in the
temperature range of 25-250°C, at a heating rate of
10 °C/min.

The following parameters were determined
based on the kinetic curves—optimal vulcanization
time (#'90), scorch time(#;1), minimum (M), and
maximum (M,)) torque. Table 2 shows the dependence
of these parameters on magnetite content in rubber
compounds based on SBR-1500.

Different magnetite contents influence the
time taken to reach the vulcanization optimum and
scorch time as well as the minimum and maximum
torque in the presence of different accelerators. The
time taken to reach the vulcanization optimum t'90
decreases at T\, = 160°C in the presence of the TBBS,
2-MBS, DPG, and 2-MBT accelerators as magnetite
content increases. In addition, the maximum effect
manifested in the case of 2-MBT (#90 decreases
from 36 to 19 min upon the introduction of 50 phr
of magnetite). In the case of TMTD, variation in
magnetite content has practically no effect on the
time taken to achieve optimum vulcanization. The
scorch time in the presence of the TBBS and 2-MBT
accelerators decreases with increasing magnetite
concentration. In the case of DPG and TMTD, as the
magnetite content varies, the dependence of the
vulcanization time passes through a maximum, and
in the case of 2-MBS, through a minimum. Notably,
the change in the absolute value of scorch time is
not significant in all cases. The maximum torque in
the presence of all accelerators increases linearly

Table 1. Formulations of elastomeric mixtures

based on butadiene—styrene rubber SBR-1500 and magnetite with different accelerators

Component content, phr
Component

1 2 3 4 5 7 8 9 10 11 12 13 14 15
SBR-1500 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100
Zn0O 3.00 | 3.00 | 3.00 | 5.00 | 5.00 | 5.00 | 3.00 | 3.00 | 3.00 | 3.00 | 3.00 | 3.00 | 3.00 | 3.00 | 3.00
Sulfur 1.75 1 1.75 | 1.75 1 2.00 | 2.00 | 2.00 | 1.75 | 1.75 | 1.75 | L.75 | 1.75 | 1.75 | 1.75 | 1.75 | 1.75
Stearic acid 1.00 | 1.00 | 1.00 | 1.50 | 1.50 | 1.50 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
TBBS 1.00 | 1.00 | 1.00 | - - - - - - - - - - - -
2-MBS - - - |3.003.00]3.00 | - - - - - - - - -
TMTD - - - - - - 1.00 | 1.00 | 1.00 | - - - - - -
DPG - - - - - - - - — 13.003.00]|3.00| - - -
2-MBT - - - - - - - - - - - - 13.00 | 3.00 | 3.00
CBN339 50.0 | 50.0 | 50.0 | 40.0 | 40.0 | 40.0 | 50.0 | 50.0 | 50.0 | 50.0 | 50.0 | 50.0 | 50.0 | 50.0 | 50.0
Magnetite 0.0 | 250|500 0.0 |25.0]50.0]| 0.0 |250|50.0| 0.0 |25.0]|50.0]| 0.0 |25.0|50.0

3 GOST 15927-79. State Standard. Synthetic rubbers butadiene-methylstyrene CKMC-30 APK and butadiene-styrene CKC-30

APK. Specifications. Moscow: IPK Izd. Stand.; 2003.

*+GOST ISO 2322-2013. State Standard. Styrene-butadiene rubber (SBR) of emulsion- and solution-polymerized types. Evaluation

methods. Moscow: Standartinform; 2014.
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Table 2. Dependence of vulcanization characteristics on magnetite concentration in black-extended
mixtures based on SBR-1500 in the presence of various accelerators

Accelerator | Accelerator CB N339 Magnetite Vulcanization characteristics
type content, phr | content, phr | content, phr £'90, min t,1, min M, dyn'm M,, dyn'm

1.00 50.0 0.0 15.84 5.32 2.8 22.41

TBBS 1.00 50.0 25.0 14.88 4.81 2.74 24.63
1.00 50.0 50.0 12.54 4.55 3.42 26.31
3.00 40.0 0.0 14.62 2.5 1.87 19.65

2-MBS 3.00 40.0 25.0 12.54 2.06 2.06 21.22
3.00 40.0 50.0 11.59 2.41 2.4 23.41
1.00 50.0 0.0 6.85 1.1 2.95 29.63

TMTD 1.00 50.0 25.0 6.26 1.26 3.16 31.67
1.00 50.0 50.0 6.57 1.28 3.58 34.69
3.00 50.0 0.0 32.86 2.45 2.58 18.73

DPG 3.00 50.0 25.0 31.93 2.71 2.64 19.48
3.00 50.0 50.0 31.23 2.49 2.82 20.07
3.00 50.0 0.0 36.29 1.83 2.7 16.99

2-MBT 3.00 50.0 25.0 23.97 1.33 2.93 20.69
3.00 50.0 50.0 19.22 1.3 2.98 23.09

(at different speeds) with increasing magnetite RS.SR+Fe? 1o Fets RS+RS R R- NN
content, with a constant content of CB (see Table 2). SSRETe T Fe+ R§ +_R_S‘ R R (;[S>7
R-S3-3-R+Fe*®* — Fe*2+R-S-S+R* R-H

According to the above data, magnetite activates
the sulfur vulcanization process. The maximum effect
of magnetite introduction is observed in the presence
of thiazole-type accelerators; this suggests that Fe*
and Fe™ ions on the surface of magnetite particles
catalytically accelerate disulfide bond decomposition
(scheme) through a mechanism similar to radical
polymerization initiation by redox systems based
on iron(Il) and iron(IIl) salts [9, 10]. The radicals
formed by the decomposition of accelerator disulfide
bonds subsequently activate the sulfur vulcanization
process.

Thermograms of TGA vulcanizates (Figs. 3
and 4) under nitrogen atmosphere show that when
the magnetite is introduced into the rubber mixture
based on SBR-1500 in an amount equivalent to the
concentration of CB N339 in the standard mixture
(50 phr), less weight loss occurred than in the
case of samples containing only CB N339, in the
entire temperature range. A similar effect occurred
in an oxygen atmosphere, wherein the curves
are characterized by an increase in mass in the
temperature range up to 100°C. This is most likely
due to the accumulation of oxidation products.

R-5-S,-S-R + Fe2 > Fe*? + R-5-S), + R-S-S
R-S-5,S-R + Fe*¥ %> Fe*? + R-S-Su1 + R*

OH

Fes0s |Fe

Scheme. Supposed interaction between magnetite particles
and butadiene—styrene rubber macromolecules
in the presence of accelerators containing disulfide bonds.

The DSC data presented in Fig. 5 (in an inert
medium of N,) indicates that magnetite practically
does not accelerate the thermal decomposition
(endothermic process) of the vulcanizates. Slight
differences were observed only in the temperature
range above 150°C.

Similar results were obtained when studying the
processes of thermal oxidative degradation in an O,
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medium (Fig. 6). In this case, the thermal oxidation of
the vulcanizates begins at 190-220°C. An exothermic
peak appears in the temperature range of 210-230°C,
and shifts to lower temperatures as the magnetite
concentration increases. No significant activating
effect of magnetite is observed in these processes.

However, as stated in [11], iron cations of
variable valency in the polymer phase accelerate
oxidative processes several times. This is true only in
cases wherein iron salts are at least partially dissolved
in the polymer phase. In the case of magnetite,
iron cations of variable valency capable of causing
oxidation are available only on the particle surfaces.
This considerably complicates the oxidative process’
catalysis.
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Fig. 3. TGA patterns for vulcanizates based on SBR-1500
with different magnetite and CB N339 (in nitrogen atmosphere)
contents: (1) 50 phr of N339 + 0 phr of magnetite;
(2) 30 phr of N339 + 20 phr of magnetite;

(3) 10 phr of N339 + 40 phr of magnetite;
and (4) 0 phr of N339 + 50 phr of magnetite.
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Fig. 5. DSC pattern for vulcanizates based on SBR-1500
with different magnetite and CB N339 (in nitrogen atmosphere)
contents: (1) 50 phr of N339 + 0 phr of magnetite;

(2) 30 phr 0of N339 + 20 phr of magnetite;

(3) 10 phr 0of N339 + 40 phr of magnetite;
and (4) 0 phr of N339 + 50 phr of magnetite.

CONCLUSIONS

The above data confirm the capability of
magnetite to act as an active agent in the process of
sulfuric vulcanization of butadiene—styrene rubber in
the presence of various accelerators. Herein, the most
significant effect of magnetite, as an active component
of the vulcanizing system, manifested in the presence
of thiazole-type accelerators (2-MBS and 2-MBT). In
addition, the presence of magnetite in SBR-1500-based
vulcanizates practically did not affect the oxidation
process in the operating temperature range of most
elastomeric products.
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Fig. 4. TGA patterns for vulcanizates based on SBR-1500
with different magnetite and CB N339 (in oxygen atmosphere)
contents: (1) 50 phr of N339 + 0 phr of magnetite;
(2) 30 phr of N339 + 20 phr of magnetite;
(3) 10 phr of N339 + 40 phr of magnetite;
and (4) 0 phr of N339 + 50 phr of magnetite.
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Fig. 6. DSC pattern for vulcanizates based on SBR-1500
with different magnetite and CB N339 (in oxygen atmosphere)
contents: (1) 50 phr of N339 + 0 phr of magnetite;

(2) 30 phr 0of N339 + 20 phr of magnetite;

(3) 10 phr of N339 + 40 phr of magnetite;
and (4) 0 phr of N339 + 50 phr of magnetite.
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Objectives. This study aimed to predict the limits of substitution and stability of luminescent
materials based on low-temperature modifications of solid solutions (spatial group P2, /c) with
lutetium oxyorthosilicates (Lu,_Ln )[(SiO,), O, J, where Ln represents the rare-earth elements
(REEs) of the La—-Yb series.

Methods. The V.S. Urusov’s crystal energy theory of isomorphous substitutions and a
crystallochemical approach in the regular solid solution approximation were used to calculate the
energies of the mixing (interaction parameters) of the solid solutions.

Results. Using the V.S. Urusov’s theory, we calculated the energies of mixing (interaction
parameters) in the systems under study. The dependences of the decomposition temperatures
of solid solutions on the REE number and composition (x) were obtained and used to create
a diagram of the thermodynamic stability of the solid solutions, allowing us to predict the
substitution limits depending on the temperature or determine the decomposition temperature
using the given substitution limits.

Conclusions. The results of the study can be useful when choosing the ratio of components in
matrices (host materials) and the amount of the activator (dopant) in the new luminescent, laser,
and other materials based on low-temperature modifications of solid solutions of “mixed” REE
oxyorthosilicates (Lu,_Ln )/(SiO,), O, .

Keywords: oxyorthosilicate, rare-earth elements, isomorphous substitution, solid solution,
energy of mixing

For citation: Get’'man E.I., Oleksii Yu.A., Radio S.V., Ardanova L.I. Determining the phase stability of luminescent materials
based on the solid solutions of oxyorthosilicates (Lu,_Ln )[(SiO,), O, ], where Ln = La~Yb. Tonk. Khim. Tekhnol. = Fine Chem.
Technol. 2020;15(5):54-62. https://doi.org/10.32362/2410-6593-2020-15-5-54-62

© E.I. Get’'man, Yu.A. Oleksii, S.V. Radio, L.I. Ardanova, 2020
54



Eugeni I. Get’man, Yuliia A. Oleksii, Serhii V. Radio, Lyudmyla I. Ardanova

HAYYHAS CTATbSA

Onpenenenue (pa3oBoii CTA0OUIBHOCTH JIOMUHECIIEHTHBIX
MAaTepHAaJIOB HA OCHOBE TBEPAbIX PACTBOPOB
oxcroprocuinkaros (Lu,_ Ln )[(SiO,), O, |, rre Ln = La-Yb

E.H. 'erpman’, I0.A. Oaekcuii!, C.B. Paauo'“, A.H. Apaanona?

! [loneykuill HAUUOHANLHBLLU YHUBepcumem um. Bacoinis Cmyca, BunHuya, 21021 YkpauHa
°I'ocyoapcmeeHHblll yHuesepcumem MuHHecomul, Manketlimo, MunHecoma, 56001, CIIA
@Aemop ons nepenucku, e-mail: radio@donnu.edu.ua

Ienu. Llenvto pabomobl S8UMAOCL NPOZHOIUPOBAHUE NPedesio8 3aMeUleHUS. U CMABUTbHOCIU JIHOMU-
HeCUEHMHBbLX MAMEPUAIO8 HA OCHO8E HU3KOMeMNepamypHblX MoOUpUKAUUT meepoblX pacmaopos
(npocmparcmeernas epynna P2,/ c) Ha ocrose okcuopmocunurxama sromeyust (Lu, Ln )[(SiO,), O, J,
20e Ln — peodrxozemenvHblil anemerm cepuu La—Yb.

Memooeul. /s pacuema sHepauil cmeueHust (napamempog ssaumoodeticmaust) O meepoblx pacmeo-
poe bbLna uchoab308aHA Meopust u3omopgpHol emecumocmu B.C. Ypycosa u Kpucmanioxumuueckuti
Nnooxo0 8 NPUONUIKEHUU pegyIspHO20 MBEPO020 PACMEOopal.

Pesynomamut. [lonyueHsbl 3a8UCUMOCMU mMemnepamyp pacnada meepoblx pacmeopos om nopsio-
08020 HOMEPA PeOKO3eMeNbHbBLX I/IeMEHMO8 U COCMABA, KOMOopble UCNO.16308AHbL 015 NOCMPOEHUSL
ouazpamm mepmoOUHAMUUECKOT Yycmoliuugocmu meepoblX pacmeopos, Wmo No3801UJN0 NPOZHO3U-
posamb npedesibl 3aMEUeHUSL 8 3a8UCUMOCMU OM Memnepamypbsl UL onpedessims memnepamypy
pacnada Ha 0CcHO8e 3A0AHHBIX NPedesiog 3aMeUuleHusl.

Bb1800bl. Pesysibmambl UCCiedo8aHus. moeym b6blmb NnosiesHbl npu 8blbope COOMHOUEHUSL KOMNO-
HEeHMOo8 8 Mampuuye («xo3siuHe») U KOIUUecmsa aKxmueamopa (00naHma) 8 Ho8blxX JMOMUHECUEHMHbLX,
JIA3EePHBIX U OPY2UX MAMEPUANIAX HA OCHOBE HUIKOMEeMNepamypHbiX Moougurkayuli meepoblx pac-
ME0PO8 (CMEUAHHbLLX» OKCUOPMOCUAUKAMO8 peoKosemeibHblx snemermos (Lu, Ln )/(SiO,), O, J.

Knroueenle cnoea: orxcuopmocunukam,; peoko3emeslbHble emMeHmbl;, U30MOpPpHOoe 3ame-
weHue; meepdslil pacmeop; sHepaust CMeuleHUs

Jlna yumuposanua: Get’'man E.1., Oleksii Yu.A., Radio S.V., Ardanova L.I. Determining the phase stability of luminescent
materials based on the solid solutions of oxyorthosilicates (Lu,_ Ln )[(SiO,), O ], where Ln = La=Yb. Tonk. Khim. Tekhnol. =
Fine Chem. Technol. 2020;15(5):54-62. https://doi.org/10.32362/2410-6593-2020-15-5-54-62

INTRODUCTION

Oxyorthosilicates of rare-earth elements (REEs),
Ln[(Si0,), .0, ], and solid solutions (Lu,_Ln )[(SiO,), O, ]
have attracted the attention of researchers, as they can
be applied as materials for producing luminophores
[1, 2], scintillators [3—7], lasers [8], among other purposes.
Initially, they were synthesized at a temperature of 1773 K,
and then single crystals were grown by the Czochralski
method, as they have significantly high melting
points [4]. The oxyorthosilicates obtained under these
conditions crystallize in the space groups P2 /c (for the
cerium subgroup) and in C2/c (for the yttrium subgroup)
into a monoclinic crystal system [3-5]. Subsequently,

the authors of [1] established that the oxyorthosilicates
of the yttrium subgroup can also be obtained as a low-
temperature modification (1173-1273 K) of nanosized
polycrystals (space group P2 /c). In this case, they are
isostructural crystals of the cerium subgroup.

The study of luminescent properties showed that
the polycrystalline oxyorthosilicate Lu[(SiO,),,0O,]:Ce
had better spatial resolution and image sharpness than
luminophore Gd,0,Si:Tb, which has been used in most
medical imaging methods in the last decades [6]. This
luminophore can be used in X-ray mammography
for visualization in both radiographic cassettes
and digital detectors. It has an excellent spectral
compatibility with the currently used Si-based films
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and photodiodes [7]. The luminescence intensity of a
polycrystalline, nanosized lutetium oxyorthosilicate
obtained by solution combustion synthesis (SCS) and
excited by X-rays is significantly higher (64 + 4) than
those of gadolinium (36 + 4) and yttrium (44.3 + 1.5)
oxyorthosilicates obtained by the same method, but
it is slightly lower than those of Gd and Y single
crystals (94 + 13 and 97 + 14 s7' mg™!, respectively)
synthesized by the Czochralski method [9].

Luminophores derived from lutetium oxyortho-
silicate (Lu[(SiO,), O, ]) suffer from several drawbacks.
First, they contain nearly 2.6% of the radioactive isotope
176Lu, which undergoes beta decay and causes noise in
scintillation devices. Second, lutetium is more expensive
than other REEs [10].

These drawbacks can be minimized by using “mixed”
oxyorthosilicates (Lu,_ Ln )[(SiO,),,O, ], which contain
not only lutetium but also other REEs [4, 9-12].

However, the physicochemical bases for the
synthesis of “mixed” solid solutions—phase diagrams
and, particularly, solubility regions of solutions based
on REE oxyorthosilicates—have not been studied yet.
The experimental determination of the solubility regions
in a solid phase is an independent task, which requires
special equipment expensive reagents, and long research
periods.

Therefore, most researchers studying the
luminescent properties of mixed REE oxyorthosilicates
have to choose the composition of the matrices and
activators either by analogy with similar systems or by
trial and error.

Occasionally, researchers do not consider the fact
that solid solutions synthesized at high temperatures
are prone to decaying upon cooling and can change
their phase compositions and properties. This can lead
to the degradation of the materials that are based on
these solutions in practical scenarios. Therefore, before
synthesizing and studying the properties, one must
evaluate the limits of isomorphous substitutions and
stability of solid solutions in the corresponding systems
both during their synthesis and intended use.

Accordingly, this study aims to predict the limits of
substitution and stability of luminescent materials based
on low-temperature modifications of solid solutions
(spatial group P2 /c) with lutetium oxyorthosilicates
(Lu,_Ln)[(Si0,),.O, ], where Ln represents REEs.

0.570.5

METHODOLOGY OF CALCULATION AND
INITIAL DATA

The calculations were performed within the
framework of the V.S. Urusov’s crystal energy theory
of isomorphous miscibility [13] in regular solid
solution approximation for one gram-atom number
of the substituting structural units in pseudobinary
(Lu,_Ln)[(Si0,),,0,] systems.

470.570.5

To calculate the substitution limit (x) for a given
decomposition temperature of a solid solution (7))
or to define a decomposition temperature for a given
substitution limit in the approximation of regular
solutions, we used the Becker equation [14] as follows:
= (1 = 2x)/In[x/(1 =x)] =RT/Q _, (1)
where R denotes the universal gas constant and Q
the mixing energy (or interaction parameter). Equation 1
can be used in our case if the dimensional parameter
of interatomic distances (the dimensional parameter is
calculated using the values of the substitutable structural
units or dimensions of the unit cells of the system
components) does not exceed 0.1 [13, 15, 16]. In the
systems under consideration, the value of the dimensional
parameter, which is calculated using the volumes of unit

cellsas [6 = (VLI/3 Vl/3 )/ V1/3] does not exceed 0.066
(see the table); therefore it is expedient to apply the
Becker equation. We used the volumes of unit cells in
our calculation because the literature data [1, 10, 17]
(pertaining to the synthesis and investigation of the
properties of nanoscale low-temperature modification
of Lu[(Si0,),,O,,]) did not contain the information on
its structural data. The authors in [1], who described
the low-temperature modifications of Ln[(SiO,),.O,.],
provided cell parameters only for the compounds of other
REEs that belonged to the yttrium subgroup, and not
for Lu[(S10,), O, ]. Therefore, the volume of the low-
temperature modification of the Lu[(SiO,) O, ] unit cell
(approximately 384 A®) was determined by extrapolating
the relationship between the volumes of low-temperature
modifications of Ln[(SiO,), O] unit cells, provided in
[1], and the ionic radii of REEs according to R. Shannon
[18] (see Fig. 1).

In the regular solution approximation, the mixing
energy can be determined by the enthalpy of mixing
(AH_)as Q . =AH . /(x, x x,), where x, and x, denote
the mole fractions of the solvent and dissolved substance,
respectively. Thus, the main task while calculating the
substitution limit for a given decomposition temperature
ofasolid solution or while determining the decomposition
temperature for a given substitution limit is to estimate
the enthalpy of mixing.

Normally, the enthalpy of mixing (AH ) in
Equation 2 proposed by V.S. Urusov [13, 15, 16]
arises because of three factors: the difference among
the sizes of the substituting structural units (AH,),
different degrees of ionicity of the chemical bonds
between the system components (AH ), and the
difference in their crystal structures (AH“I denotes
the enthalpy during the polymorphic transition from
the structure of the substituting component to the
structure of the substitutable component). One has
the following:

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(5):54-62
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Energies of mixing and critical decomposition temperatures of solid solutions

(Lu,_ Ln)[(Si0,), ;O]

Ln VA 5 J/%f:)l Yo & LS J/%’ol Jgﬁ"{ﬁl T,K
La 4652 | 006602 | 57428 1327 0.724 0.019 585 58013 3460
Ce 4552 | 005841 | 44947 1348 0.720 0.015 365 45312 2700
Pr 4451 | 005045 | 33528 1374 0.716 0.011 196 33724 2010
Nd 4393 | 004577 | 27719 1382 0.714 0.009 131 27850 1660
Pm 4319 | 003998 | 21058 1391 0.712 0.007 79 21137 1260
Sm 4244 | 003390 | 15134 1410 0.708 0.003 s 15149 900
Eu 4179 | 002860 | 10776 1433 0.704 0.001 2 10778 640
Gd 4140 | 002538 | 8484 1386 0.712 0.007 79 8563 510
Tb 4092 | 002141 | 5967 1410 0.708 0.003 s 5982 360
Dy 4040 | 001706 | 3834 1.426 0.706 0.001 P 3836 230
Ho 3975 | 001158 | 1767 1433 0.704 0.001 2 1769 100
Er 3956 | 0.009961 | 1305 1.438 0.703 0.002 6 1311 80
Tm 3897 | 0004925 | 317 1.455 0.700 0.005 40 357 20
Yb 3870 | 0002600 | 85 1479 0.695 0.010 162 247 10
Lu 384.0 N - 1431 0.705 - N N -

Note: The volumes of the unit cells of cerium and promethium oxyorthosilicates are defined as the arithmetic mean of the
volumes of the unit cells of lanthanum and praseodymium oxyorthosilicates, as well as of neodymium and samarium, respectively.

Lu, Ln,[(Si0,),:0,)]

Cell volume, A’

T T T

I
1.07 1.06

T T T T T T T T T
1.05 1.04 1.03 1.02 1.01 1.00
Ionic radii of REE, A

Fig. 1. Dependence of the volumes of the unit cells
of low-temperature modifications of Ln[(SiO,), O, ]
on the ionic radii of REE.
AH,, =AH+AH +x,AH, = Coxpxmnz,z 8+

+ 1390x1x2mzmzxa(A8)2/(2r) + szHIlfl (2)

However, to the best of our knowledge, no data in
the literature pertains to the enthalpies of polymorphic
transitions AH, | for the oxyorthosilicates of REEs. This
equation can still be used for performing calculations in
cases wherein the system components are isostructural
(i.e., at AH, , = 0) or wherein the amount of the
dissolved substance is significantly low (at x, = 1 or at
x, <<1)[13, 15].

While performing calculations in systems with
isostructural components, the AH_. value consists of two

factors (see Equation 3): the difference in the sizes of the
substituting structural units (AH,), and different degrees
of ionicity of the chemical bonds between the system
components (AH ). One has the following:

AH  =AH +AH = Cxxmnz z 6 +
+1390x x,mz, z a(Ae)*/(2r), (kJ/mol) 3)

Therefore, the energy of mixing can also be
determined as the sum of two factors as follows:

0. =0,+ 0. =Cmnz z 8+ 1390mz,z a(Ae)/(2r) (4)

In this equation, C denotes a constant equal to
112.6 kJ and is calculated as C = 20(2Ay + 1) [16] by
using the electronegativity difference between cations
and anions, Ay [19-20] in a pseudobinary approximation.
The term m denotes the number of formula units in the
pseudobinary approximation, calculated per mole of a
substitutable structural unit (1 + 0.5 + 0.5 =2). The term
n denotes the coordination number of a substitutable
structural unit in the pseudobinary approximation of
the structure (at the first cation position (n = 7), there
are 6 SiO,* tetrahedra and one O* ions; at the second
position (n = 6), there are 3 SiO,* tetrahedra and three
O% ions; i.e., on average n = 6.5. The terms z and
z_denote the formal charges of the substitutable and
common structural units of the components, respectively:
z, =3,asz =4 x0.5+2x0.5=3. The term & denotes
a dimensional parameter, which is calculated for each
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system using the volumes of the unit cells, as shown in
[1,21]. The term a denotes a reduced Madelung constant
equal to 1.9 and is calculated by the Hoppe’s formula
[22] as follows: (a/n)* + o = 1.81, where n = 6.5 is a
coordination number in the pseudobinary approximation
of the structure. The degrees of ionicity of the chemical
bond & were determined using the electronegativity
difference (Ay) between the REE anions and cations, as
provided in[19]. The y value of the SiO,* anion according
to the recommendation provided in [20] was assumed to
be equal to that of the oxide anion, i.e., 3.7 [19]. The
term » denotes the average interatomic “cation—anion”
distance in the pseudobinary approximation, and it was
calculated for one of the previously studied structures
of this structural type, i.e., Gd[(SiO,),O0,]. The
“cation—tetrahedral anion” distances for two positions
of gadolinium were considered as the sum of distances
(Gd-O + Si—0) and the “cation—oxygen” distance (Gd—-0),
not bounded to silicon [21]. In the first position:
the cation was surrounded by 6 SiO,* tetrahedral
ions and 1 oxygen atom, and the average distance
was [6 X (2.49 + 1.63) + 2.35]/7 = 3.86 A. In the
second position: the cation was surrounded by 3 SiO,*
tetrahedral ions and 3 oxygen atoms, and the average
distance was [3 x (2.39 + 1.63) + 3 x 2.30)]/6 = 3.15 A.
The average distance between the two positions of the
cation was 7 =3.5 A.

RESULTS AND DISCUSSION

Some initial data and calculations results are
presented in the table. From the table, it is evident that the
values of size parameter () do not exceed 0.1, with the
maximum value being 0.066. Consequently, according to
[13], the dependence of the decomposition temperatures of
solid solutions on the system composition will be almost
symmetric, and the 7, values can be calculated using the
Becker equation for regular solid solutions.

As the REE number increases, the contributions to
the total energy of mixing O, consequently decreases,
as explained by the decreasing difference in the size
of the replacing structural units—REE ions. Their
electronegativity values (y, ) vary non-monotonically
unlike their ion radii: they grow with increase in the
REE number in the La—Eu series, sharply decrease
during the transition to Gd, and then again increase
with increase in the REE number in the Gd-YD series.
The electronegativity of Lu, as in the case of Gd, is also
significantly low. Such a change in the %, of REEs leads
to a situation wherein the differences in the degrees of
ionicity of the chemical bonds vary within the range
of 0.001-0.019 and do not significantly affect the total
energy of mixing, which decreases with increase in the
REE number. As recommended in [13], if Ag < 0.05,
the contribution of AH_to the mixing energy can be
neglected.

The critical decomposition temperatures 7, of the
solid solutions were calculated as 7 = Q . /2kN [13],
where k denotes the Boltzmann constant and N the
Avogadro number. As can be seen from the table and
Fig. 2 (curve for x = 0.50), their T values, as expected,
decrease with increase in the REE number.

Using the values of the decomposition temperatures
of solid solutions calculated by the Becker equation, we
plotted the dependences ofthe decomposition temperature
on the REE number (see Fig. 2) for the substitution limits
x = 0.01, 0.03, 0.05, 0.1, and 0.2. These dependences
can be used to define the substitution limit for lutetium,
replaced by REE, based on the given temperature or to
calculate the decomposition temperature by using the
substitution limit [23-24]. In the first case, we must
draw an isotherm from the given temperature to the
intersection with the vertical line of this REE. From the
point of the intersection, one can estimate the range of x
values, within which the substitution limit is located. The
substitution limit should be refined by interpolating the
vertical segment between the decomposition temperature
and REE number dependences, which are the closest to
the intersection points. In the second case, the position
of a point on the vertical line of given REE is determined
by its composition, after which a horizontal line is drawn
up to the intersection with the temperature axis. These
problems can be solved more precisely by plotting the
dependence of the decomposition temperature of the
solid solution on the composition (x) for each system by
using the Becker equation.

T, K
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2000
1500
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500

57 58 59 60 61 62 63 64 65 66 67 68 69 70
La Ce Pr NdPm Sm Eu Gd Tb Dy Ho Er Tm Yb
Atomic number

Fig. 2. Thermodynamic stabilities of the solid solutions
of (Lu,_Ln)[(SiO,), O, systems.

However, in contrast with the previously described
systems [23-24], the component Lu[(Si0,) O, ], which
serves as a basis for solid solution formation, undergoes a
polymorphic transition from the P2 /c space group to C2/c
at 1173 K in the case of synthesis by the sol-gel method
[1], or at 1273 K in the case of synthesis by SCS [10, 17].
This affects the phase relationships in the systems. At the
synthesis temperature or operation temperature lower

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(5):54-62

58



Eugeni I. Get’man, Yuliia A. Oleksii, Serhii V. Radio, Lyudmyla I. Ardanova

than the temperature of the polymorphic transition of
Lu[(Si0,),0,], both the components in the systems
are isostructural, and the results can be used both to
select the ratio of components in solid solutions and the
number of activators.

However, if the synthesis temperature or operating
temperature exceeds the temperature of the polymorphic
transition of Lu[(Si0,), 0, ], a complete miscibility
does not work, as the oxyorthosilicates of the cerium
subgroup, unlike Lu[(SiO,),O,,], do not undergo a
polymorphic transition to a structure with the C2/c
space group, and the calculation results without regard
to the enthalpy of polymorphic transition may be
incorrect. Simultaneously, when choosing the amount
of the activator to be introduced at low substitution
rates (usually from a fraction of percent to several
percent), the contribution of the enthalpy of polymorphic
transition to the enthalpy of mixing will be negligible,
and the calculation results in this case can be considered
indubitable.

Noteworthily, when choosing the conditions for
obtaining solid solutions, one should consider that the
temperatures of the polymorphic transitions of REE
oxyorthosilicates exceed the temperatures of their
synthesis by the sol-gel method by only 50-75 K [1],
thereby requiring highly accurate temperature regulation.

From the diagram, one can estimate the regions
of thermodynamic stability of solid solutions. Thus,
at T>T,_ (i.e., in the region above the curve for x = 0.50,
see Fig. 2) the unbounded solid solutions, synthesized
at temperatures below the polymorphic transition
temperatures, are thermodynamically stable over the
entire concentrations range, i.e., 0 < x < 1. However,
in the region below the curve for x = 0.50 (7' < T)),
the unbounded solid solutions are thermodynamically
unstable and can decay into phases with partial
miscibility. Similarly, the solid solutions with x = 0.01,
0.03, 0.05, 0.10, and 0.20 are thermodynamically stable
in the regions above the curves but are unstable in the
regions below them.

With decrease in the temperature, the structural
units of a solid solution become less mobile owing to
the decrease in the diffusion rate while the solubility
regions become smaller [13]. This phenomenon
proceeds until the diffusion rate becomes so low that
the solubility regions practically stop decreasing,
meaning that spontaneous hardening occurs and
solid solutions become metastable. If we assume that
the quenching temperature is close to the minimum
temperature at which the components in the solid
phase start interacting and thus forming a solid
solution, then we can estimate the temperature of
spontaneous hardening and the region of metastability
in the system. REE oxyorthosilicates and solid
solutions based on them are usually synthesized

at temperatures ranging from 1773 K (using the
conventional solid phase method with oxides of the
corresponding elements as initial reagents [5]) to
1173 K (using the sol-gel method [1]). The latter
agrees with the Tammann’s rule, according to which
the structural units during heating begin to interact
in a mixture of solids at a temperature approximately
50% of the melting point [25]. Below the Tammann
temperature, the mobility of the structural units is
so low that the formation or decomposition of the
solid solutions does not occur. Considering that the
melting points of REE oxyorthosilicates range from
2170 K to 2320 K [26], one can assume that when
solid solutions cool down to the temperature below
~1173 K, the mobility of the structural units will be
insufficient for the thermodynamically unstable solid
solutions to decompose; i.e., the solid solutions will
become metastable.

Therefore, in (Lu,_Ln)[(SiO,),0,,] systems
containing REEs from La to Nd, the solid solutions,
which are thermodynamically stable at temperatures
above the critical temperature (3460-1660 K, see the
table and Fig. 2), become thermodynamically unstable
and can decay when the temperature decreases within
the range between 7 and ~1173 K. This occurs if
the diffusion rate and time are sufficient for the stable
nuclei of a new phase to emerge and start growing. At
temperatures below 1173 K, the solid solutions will not
decay, meaning that spontaneous hardening occurs and
the solid solutions become metastable.

In systems containing REEs from Sm to Yb, the
critical decomposition temperatures (900-10 K) are
significantly lower than the Tammann temperature;
therefore, unbounded solid solutions do not decay upon
cooling and are stable at temperatures higher than the
critical temperatures and metastable at temperatures
lower than the critical temperatures.

The difference between the critical temperature in a
system with Pm (1260 K) and the spontaneous quenching
temperature (~1173 K) is close to the calculation error
(£100 K); therefore, it becomes difficult to predict the
decomposition temperature of an unbounded solid
solution in this system.

To the best of our knowledge, the literature contains
no data pertaining to the energies of mixing and the limits
of substitution of lutetium by REEs for solid solutions
of REE oxyorthosilicates with partial miscibility of
components. Therefore, it becomes difficult to assess the
validity of the calculations performed. However, there
are data on the compositions and temperatures during
the synthesis of solid solutions (Lu _ Ce )[(SiO,),.O,.],
where x = 0.01 at 1273 K [27] and x = 0.02 at 1373 K
[28]. The graphical dependence of the calculated
decomposition temperatures of the solid solutions
(Lu,_Ce)[(Si0,),,0,,] on the mole fraction of Ce (see
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Fig. 3. Fragment of the dependence of the calculated
decomposition temperatures of the solid solutions
in the (Lu, Ce)[(SiO,), O, ] system on the mole fraction
of Ce. Also presented are the experimental data
for the compositions wherein x = 0.01 at 1273 K [26]
and x = 0.02 at 1373 K [28].

Fig. 3) shows that when x = 0.01 at 1273 K [27] or/and
x = 0.02 at 1373 K [28], the calculation results do not
contradict the experimental data. This means that these
solid solutions are in the region of thermodynamic
stability as predicted by us. Both the compositions of
the (Lu,_Ce )[(SiO,),,0,,] system, i.e., with x = 0.01
and x = 0.02, synthesized at 1273 and 1373 K [27-28],
are located in the regions of solid solutions, which,
according to the calculation results, extend to x = 0.016
and x = 0.023, respectively, at these temperatures.

CONCLUSIONS

A crystallochemical approach in the regular solution
approximation was used to calculate the energies of mixing
(interaction parameters) of solid solutions, which were
based on the low-temperature modification of lutetium
oxyorthosilicate Lu[(SiO,), O, ] and modified with REEs
for compositions with x = 0.01, 0.03, 0.05, 0.10,
0.20, and 0.5. With increase in the REE number, the
calculated energies of mixing and the critical decomposition
temperatures of the solid solutions decreased, as explained
by the decrease in the REE ionic radii in the series
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