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Abstract

Objectives. Catalytic processes involving norbornene (NBN) and norbornadiene (NBD) offer
exceptional opportunities forthe synthesis of a wide range of hard-to-reach polycyclic hydrocarbons.
The problems of selectivity and manufacturability of these reactions are fundamentally important
for their practical implementation. The aim of this review is to summarize the latest advances
in the field of designing heterogeneous catalysts for the preparation and transformation of
promising NBN- and NBD-derivatives with the maintenance of a strained carbocyclic framework
in isomerization and dimerization reactions of these compounds.

Results. Various strategies for the selection of catalysts and prospects for the development of
heterogeneous catalysis for syntheses based on NBN and NBD derivatives were considered. The
possibility of selective cyclic dimerization and isomerization of NBN and NBD was shown. The
factors that affect the direction of the reactions and make it possible to maintain the strained
norbornane structure were discussed.

Conclusions. An analysis of the current state of this problem showed that at present, the
technological parameters of the conversion of NBD and NBN derivatives with the participation of
heterogeneous catalysts are significantly inferior to homogeneous systems. In order to improve
the productivity of these processes and design catalyst regeneration, further investigations
are required. However, some progress in these areas has already been made. In a number of
processes, it is possible not only to maintain the strained carbocyclic framework, but also to
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establish ways to control regio- and stereo-selectivity. In some cases, the use of heterogeneous
catalysts allows the process to be direct into a completely new path, which has no analogues for
homogeneous systems.

Keywords: norbornene, norbornadiene, heterogeneous catalysis, dimerization, isomerization,
transition metals, zeolites, strained carbocyclic compounds
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OB30OPHAS CTATHA

Oco0eHHOCTH IreTEPOreHHO-KATAJIUTHYECKUX NMPeBPaIlleHUi
HANPSKEHHBIX KAPOOIMKINYECKMX COeIMHEeHMIT HOPOOPHEHOBOIO Psijia

C.A. iypakoB"’, A.A. Koaob6oB, B.P. ®aun

MHPSA — Poccuiickuil mexHoioeuueckuil yHusepcumem (HMHcmumym moHKUX XUMUUECKUX MEeXHO. 102Ul
um. M.B. ANomorocosa), Mockea, 119571 Poccus
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AnHOmauus

IMenu. Kamaaumuueckue npoueccol ¢ yuacmuem HopbopHeHa (HBH) u HopbopHaduera (HBE/)
OMKpLLBAIOM UCKOUUMENbHBLE 803MOIKHOCMU Ol CUHME3a WUPOK020 Kpyaa mpyoHooocmyn-
HbLX NOAUYUKAUUECKUX Yanego0opodos. I[Ipobnembl usbupamesnbHocmMu U MexHOJL02UUHOCMU
amux pearyuli NPUHYUNUATLHO 8AXKHbL 0151 UX hpakmuueckol peanuzayuu. Ilensto ob63opa sie-
snsiemest 060bweHue nocaiedHuUxX 0ocmuskeHUll 8 oo iacmu co30aHUSL 2emepo2eHHbIX Kamaiu3amo-
pos o5t nonyuerust u npespauieHuil nepcnexkmusHolx HEH- u HB/[-npou3800HbLX C cCOXpaHeHuem
HANPSIHKEHH020 KapOOUUKAUUEeCKO020 KAPKACA 8 PeaKUUSIX UX U30MEePU3AUUU U OUMEPUIAYUUU.
Pesynemamet. Paccmompersl pasnuutsble cmpamezuu nodbopa kamaiu3amopos U nepcnekmul-
8blL pa3suUMUSL 2emepo2eHH020 Kamanuisa 0Jst cuHme3os Ha ocHoee HEH u HBE/[ npou3eo0HbLX.
ITokasaHa 803MOIKHOCMb CENEKMUBHO20 NPO8EOeHUS YUKAUUECKOU OuMepusayul U usomepusa-
yuu HBH u HE/]. ObcyskdeHbl haKkmopbl, 8ausiiouue Ha HanpagieHue peakyuil U no3gosiioujue
COXPAHSIMb HANPSIKEHHYIO HOPOOPHAHOBYIO CMPYKMYPY.

Bwb1800bL. AHAU3 COBPEMEHHO20 COCMOSHUSL OAHHOU NPOBIeMbL NOKA3bLEASM, YUMo 8 Hacmosiuiee
8pemst mexHoslo2uueckue nokaszameau npoyeccos npespaujequss HB/I u HEH-npou3go0HblX ¢
yuacmuem emepoeHHbIX Kamaau3amopos CYuleCmeeHHO Ycmynarom 20M02eHHbIM CUCMEeMAM.
Hx onmumusayust, ysenuueHue npousgooumensHOCmu U pezeHepayus xamaausamopa mpeby-
em dastbHeliulez0 uyueHusl U cogepuieHcmeogarusl. Tem He meHee, HA OAGHHOM smane oocmuz-
HYymulL onpedesieHHble ycnexu. B psde npoueccos yoaemest He moibkKo COXpaHUmMb HANPSIKeHHbL
Kapboyurauueckulli KapKac, Ho U YCmaHo8umMs Nymu YnpasieHusl pe2uo- U cmepeo-cesleKkmus-
Hocmblo. B Hekomopblx cayuasix npumeHeHue 2emepozeHHbIX Kamaiu3amopos no3eoasem Ha-
npasums npoyecc 8 coeepuleHHo HO80e PYCJlo, He UMerouiee aHa0208 0Nt 20MO2EHHBIX CUCEM.

Knroueesle cnoea: HopOopHeH, HOPOOPHAOUEH, 2emepozeHHbLll Kamaaus, oumMepusayusl, uUso-
Mepusayust, nepexooHble MemaJsibl, UeoaUmbl, HaANPsIKeHHble KapboyuKauuecKue coeOuHeHUs
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INTRODUCTION

Norbornadiene (NBD), norbornene (NBN), and
their derivatives hold an important place in organic
and petrochemical synthesis [1]. Over a 70-year
history, these compounds have found application
in the perfume industry [2-5], medicine [6-9],
agriculture [10—12], in the production of polymeric
materials  with  unique  properties [13-22],
microelectronics, and photonics [23-27], as solar
energy converters [28-34], fuels with different
properties [35-47], and so on. The number of
publications and patents related to the preparation
and use of NBN and NBD derivatives exceeded
35000 in 2022. Due to their unique structure,
these compounds are coming to the fore in modern
chemistry and chemical technology (Fig. 1).

NBN, NBD, and some of their simplest
derivatives have a reliable raw material base,
since they are formed from large-scale products
of oil or coal processing: dicyclopentadiene (DCPD),
1,3-cyclopentadiene (CPD), acetylene, alkenes,
and alkadienes of various structures [46, 48-50].
The production of CPD can be easily combined
with the production of other products, in particular,
ethylene and isoprene [46, 51, 52]. Currently,
not all CPD finds a qualified application, so
the search for new promising ways to use it is
very relevant. At the same time, the CPD itself
can already now be obtained not only during
the processing of oil fractions or the technology
of indirect liquefaction of coal raw materials,
but also by synthesis from natural products (Fig. 2)
[53, 54].

Solar energy

Monomers

Polymers

Microelectronics

Fig. 1. Application areas of norbornene and norbornadiene derivatives.

Fraction of hydrocarbons composition Cs

‘ Source of bio-based hydrocarbons ’ /

__H /

Fig. 2. Scheme of obtaining NBD and NBN.
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Despite  the  extremely rich  synthetic
possibilities, the use of NBN and NBD derivatives
as universal substrates is currently quite limited.
The structural features of the norbornane
carbocyclic skeleton suggest that such compounds
have all types of isomerism: skeletal, regio-,
stereo-, and enantio-isomerism. In real syntheses,
this leads to the formation of mixtures of
isomers. Difficulties in the separation of isomeric
products with similar properties, their analysis,
including the establishment of the structure
of isomers, as well as modern problems of the
rational use of reagents, largely limit the large-
scale use of NBN and NBD. On the other hand,
cycloaddition reactions (Fig. 3) involving NBD
have unlimited possibilities for studying and
implementing various directions and levels of
isomerism. These circumstances can be very
productive for developing new methods and
approaches  that solve the problems of
manufacturability and selectivity of various levels in
such processes.

At present, the vast majority of works on
the synthesis of carbocyclic compounds based
on NBN and NBD are associated with the use

/ Ph—==" Co,(CO);

[2+2+1] /

of homogeneous metal complex catalysis. The
application of its methods and approaches through
the targeted selection of the metal, ligand
environment and reaction conditions made it
possible to determine the strategic directions for
improving these processes.

Great progress has been made in the last
15-20 years, when systematic studies of the
kinetics and mechanisms of reactions involving
NBN and NBD began [55-59], and quantum
chemistry methods began to be applied to such
objects and processes [60—65]. The synergy of
these intensively developing areas allows targeted
developing and optimizing reaction conditions
in order to obtain individual products and materials
with special properties based on them. Further
development of a strategy associated with a close
combination of theoretical and experimental
approaches will not only reduce labor intensity and
optimize experimental studies, but will also allow
a better understanding of the mechanisms of the
investigating processes to create highly efficient
catalysts.

In the same period, studies began on the
development of heterogeneous catalytic systems,

CN
Mh
/
[2+2] + %

Me

Fig. 3. Some catalytic codimerization reactions involving NBD.
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which have undoubted technological advantages
over homogeneous ones. The possibility of
simple separation of the catalyst from the reaction
products and the use of flow type reactors in the

case of heterogeneous catalysis significantly
increases the economic efficiency of such
processes [66—68]. However, it should be

emphasized here that the main and fundamental
problem in the use of heterogeneous systems
is the maintenance of the strained norbornane
structure in the products. Heterogeneous catalysts
exhibit activity under more severe conditions
than homogeneous ones, which can lead to the
destruction of the strained framework of NBN
and NBD derivatives. In addition, the inhomogeneity
of the surface and composition of the active
centers of catalysts of this type leads to a significant
decrease in their activity and selectivity compared
to homogeneous systems [69].

Considering that the number of works in the
field of catalytic chemistry of NBN- and
NBD-derivatives is extremely large and synthetic
aspects have been shown in a significant
number of fundamental reviews and monographs
[1, 29, 44, 70-76], in this work, emphasis is
placed on the application and development of
heterogeneous catalysis predominantly to the
starting reagents. Consideration of the processes
for obtaining polymeric materials based on NBN
and NBD, as well as the catalytic transformations
of quadricyclane (QC) and its derivatives obtained
as a result of photochemical isomerization or
decomposition of NBD, is beyond the scope
of this work. If necessary, this and additional
information can be obtained from [1, 20, 77, 78].
This review mainly considers the current state
of  heterogeneous catalytic transformations
involving NBN, NBD and their derivatives,
aimed at  obtaining important  monomers
and intermediates that maintain the original
norbornane structure and, if possible, an active
double bond in the norbornene ring.

ISOMERIZATION OF NORBORNADIENE

Reversible valence isomerization of NBD
to energy-rich QC is a promising solar energy
storage reaction. It is known that during one
hour the Sun gives more energy to the Earth’s
surface than people consume in a whole year,
while most of it is simply inefficiently dissipated
on the surface. In this regard, the ability to draw
on this huge potential is an important stage in the
development of the energy sector, and the creation
of efficient technologies in this area is critically

needed. In the NBD—QC system, solar energy
is accumulated and converted into a stored form
at the molecular level, since as a result of the
NBD—QC photoreaction, a metastable structure
is formed containing highly stressed fragments:
two cyclopropane and cyclobutane rings. In the
future, the accumulated energy can be quickly
released in the form of heat (110 kJ/mol) by the
reverse catalytic reaction QC—NBD. Additional
advantages of systems based on this reaction are
that they bypass the problems associated with
the batch type of energy production by solar
panels, and the low molecular weight of NBD
provides high efficiency and energy storage capacity
(Fig. 4)

Despite the fact that several fundamental
reviews have been devoted to the NBD-QC
system [28-31, 79], it is constantly being improved
in terms of optimizing the conditions for both
the direct photoreaction and the reverse catalytic
process.

Energy Storage

hv, photosensitizer

Y

\
!

catalyst

NBD QC

Energy Release
Fig. 4. Scheme of isomerization in the NBD2QC system.

Direct isomerization of NBD—QC

NBD isomerization in QC occurs upon
irradiation, but NBD molecules cannot directly
absorb solar energy. This isomerization is facilitated
by sensitizers or photocatalysts. In this regard, to
implement this process, scientists used Michler’s
ketones, benzophenone, as well as CuCl, and
Ru compounds in this reaction [78, 80, 81].
Despite the fact that these sensitizers exhibit
high activity and selectivity, they have a number
of disadvantages, in particular, they are unstable
under irradiation and prone to decomposition.
Homogeneous sensitizers are soluble in the

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(4):275-297
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solution of the reagent itself, which makes it
difficult to recycle and purify the product. From
the point of view of practical application,
heterogeneous photocatalysts are more advantageous.
Initially, it was reported that semiconductors,
including ZnO, ZnS, and CdS, can catalyze
NBD — QC isomerization [82] with yields up to
90-100%; however, during their operation, sulfur
is washed out into the reaction mass. Subsequently,
it was reported that Y zeolites substituted with
K*, Cs*, and TI" ions also sensitize the process
due to the heavy atom effect [83]. In this case,
the reagent is pre-adsorbed in the micropores of
the support. Attempts have been made to use
Y zeolites with the exchange of La, Cs, Zn and K
for the photoisomerization of NBD in the liquid
phase. It was found that LaY exhibits a relatively
high activity [84], which is explained by the
heavy atom effect and the presence of Brensted
acid sites.

These approaches to the heterogenization
of catalysts for the direct reaction were
significantly = improved in [85-88], where

titanium-containing materials were synthesized
in the pores of MCM-41' silica gel in order to
replace homogeneous analogues. Initially, chemical
grafting of titanium dioxide led to the formation
of fine quantum size TiO, crystallites in the pores
of MCM-41. Isomorphic substitution leads to
inclusion of Ti into the framework, which disrupts
the ordered porous structure of MCM-41;
however, with an increase in the Ti content, some
non-framework Ti particles are formed. It has
been found that Ti-containing materials based
on MCM-41 silica gel exhibit a significantly
higher photocatalytic activity than bulk TiO,,
and framework Ti particles are more active than
surface-dispersed particles. For the photocatalytic
reaction, the yield of the NBD—QC reaction
exceeds 90%, but with an increase in the
amount of Ti particles in the system in the series:
Ti-MCM-41(30) > Ti-MCM-41(50) > TiO,-MCM-41 >
Ti-MCM-41(70) > TiO,, a decrease in the yield to
30% is observed, since it is the isolated Ti framework
particles that are the most active. Doping of
this system with ions of various metals (V, Fe,
Ce, Cu, Cr) makes it possible to increase the
activity of the catalytic system by an order of

' MCM-41 (Mobil Composition of Matter No. 41)
is a mesoporous material with a hierarchical structure with
a hexagonal array of unidirectional and non-communicating
pores from a family of silicate and aluminosilicate
solids, which were first developed by researchers at
Mobil Oil Corporation (USA) and can be used as catalysts
or catalyst carriers.

magnitude in the photomeasurement of NBD
in QC. At the same time, the efficiency of the
systems decreases in the series: Fe-TiO, > V-TiO, >
Cr-TiO, > Ce-TiO, > TiO, > Cu-TiO,. It is assumed
that the local structure and type of dopant are
critical, since photoreactivity correlates with the
amount of oxygen on the lattice surface.

Reverse isomerization of QC—NBD

To realize the main advantage of the
NBD+—QC system, namely, the release of stored
energy on demand, an efficient method for the
reverse isomerization of QC to NBD derivatives
is required. Thermal initiation is possible for this
process, but it is not favorable for energy reasons.
From a practical point of view, an induced catalytic
back reaction is more desirable. Previously, most
approaches used catalysis using unsaturated
coordination complexes of transition metals and metal
oxides, such as MoO,, WO,, V,O,, and copper(II)
sulfate [29, 89-91]. In these cases, the reverse
reaction usually proceeds through the oxidized
form of QC, which is why only a few of these types
of catalysts meet the most important technological
requirements, such as the absence of side reactions,
high turnover rates and long-term stability. The
most promising results were obtained for square planar
Co(II) complexes [92, 93], which became the starting
point for creating heterogeneous catalysts based on
them. Using approaches to immobilization of
homogeneous catalysts, Co(Il) compounds were
grafted onto various oxide and carbon supports
[94-97]. Among them, cobalt phthalocyanine
complexes covalently bonded to silica gel showed
the highest efficiency in combination with
stability to immobilization. The valence isomerization
of quadricyclane to norbornadiene in the presence
of such a catalyst proceeds at a temperature of
0-60°C both in an indifferent solvent and in a bulk
of QC with conversions up to 100% and reaction
selectivity up to 99.9%. The number of catalytic
cycles wvaries in the range from 10000 to
40000 depending on the composition of the catalyst.
However, in addition to the aspect of purification
of the reaction mass from the catalyst, it is also
necessary to take into account the activity of the
immobilized catalyst, because, depending on the
material of the solid support, access to the active
centers of the catalyst can be difficult. The technical
application of systems of the NBD<QC type
requires the development of simple, reliable,
inexpensive and efficient methods for each stage
of the reversible isomerization of the NBD-QC
system along with easy purification. In this regard,
in recent years, interest has increased in metal
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oxide nanoparticles, which are an excellent platform
for solving this problem due to the high
surface-to-volume  ratio  compared to  bulk
material [98], the possibility of tuning their surface
properties [99], and the simplicity of their synthesis.
Systems of the Fe,O,~CoCat type synthesized
in this way, which are complexes of cobalt (Co)
with salphene and phthalocyanine ligands (Cat)
immobilized on iron oxide nanoparticles (Fe,0,),
turned out to be able to catalyze the reverse reaction
of QC isomerization in NBD, showing excellent
characteristics with high the initial turnover frequency
of the catalyst is up to 3.64 s™! and the turnover number
is more than 3305 [100, 101]. However, a solvent
dependent catalyst performance was observed,
whereby a more polar and coordinating solvent
degraded the catalyst performance. A comparison of
all currently available heterogeneous catalytic
systems for the isomerization reaction of QC
derivatives in NBD is presented in Table 1.
Analyzing the achievements in direct and
reverse isomerization in the NBD—QC system,
we can say that significant progress has been
made in both directions in recent years.
Efficient ways of photosensitization have been
developed using metal complexes or various
photosensitizers, while the activity of catalytic
systems is maintained over a large number of cycles.
Undoubtedly, systems using 2,3-disubstituted
NBD derivatives, which can absorb solar
energy not in the ultraviolet, but in the visible
light range (A > 400 nm), come to the fore in the
issue of solar energy absorption. However, due
to the importance of the NBD—QC system in

other areas: as molecular switches, optical
waveguides, chemosensors,  photo-switchable
materials and fuels, a number of more

technologically advanced heterogeneous catalysts
have recently been developed that can achieve
100% selectivity and conversion for the direct

as well as the reverse reaction. However,
despite the wundeniable advantage of using
heterogeneous catalysts and the statements

of researchers about the absence of negative
side processes, there is wusually practically no

information in publications about the
technological  parameters of such catalytic
systems: the turnover number of catalyst,

conversion, selectivity, etc.

DIMERIZATION OF NBN AND NBD

Depending on the number of active bonds
and the type of substituents in the molecule,
NBN- and NBD-derivatives can participate in

various [2n+27], [2n+4m], and [4nt+4n]
type cycloaddition reactions, which leads to the
diversity and complexity of the resulting dimers.
Figure 5 shows the structures of the main possible
dimers of NBN and NBD [72, 74, 102]. However,
it should be noted that although the formation
of NBD 4, 5, and 6 isomers, as well as NBN 26,
27, and 28 isomers is purely theoretically possible,
these isomers have not yet been obtained in
practice, since their formation is energetically
less favorable [1].

Dimerization of NBN, NBD and their
derivatives is usually widely used in the field of
fuel technology [43]. In particular, some NBD
dimers have high densities and high volumetric
net calorific values, making them good candidates
for high density fuels. High-density hydrocarbon
fuels are key materials for increasing range
and payload for aircraft with limited fuel tank
capacity. However, in addition to the wide use of
norbornyl polycyclic compounds as  various
fuels, dimerization products of NBN and NBD
derivatives are already being used in biology [103]
and in the development of new multifunctional
materials [104-106]. Thus, studies of the
dimerization of NBD and its derivatives are of
great academic and industrial importance,
especially for the purpose of highly selective
production of individual stereoisomers. In recent
decades, research in this area has developed
greatly. At the moment, the amount of literature
on the dimerization of NBN, NBD, and their
derivatives is extremely large, and relative
synthetic aspects have already been systematically
developed in many reviews and articles, in
particular, in the recently published review [44].
Nevertheless, the synthetic possibilities of such
processes are insufficiently realized. This is
equally related to both the low selectivity of
obtaining individual isomers and the difficulties
of separating their mixtures and the need to
remove the catalyst from the reaction mass. In
this regard, in this review, we have focused in
detail on the problem of creating heterogeneous
catalysts for reactions of this type.

Dimerization of NBD

Cyclodimerization of NBN and NBD derivatives
always proceeds in the presence of a catalyst. As in
the case of NBD valence isomerization in QC, the
first and best studied catalysts are systems based
on transition metal complexes [1, 2, 74, 102, 107].
As a rule, these are complex compounds of Ni, Co,
Fe, and Rh in the lowest oxidation states. Separate
examples of the use of Cr, Ti, Pd and Ir compounds

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(4):275-297

281



Features of heterogeneous catalytic transformations of strained carbocyclic compounds ...

Table 1. Isomerization catalysts of the NBD2QC system

Isomerization NBD—QC

Catalyst Conversion, % Selectivity, % TON* T,°C** | Reaction time, h Link
Zn0, ZnS, CdS, Ge 90-100 - - 30 28-32 [82]
LaY (t) > LaY > B _ _
CsY > ZnY > KY 35-83 100 7.0 [84]
Ti-MCM-41(30)>
Ti-MCM-41(50)> _
TiO, MCM-41> 35-91 ~100 25 12.0 [85]
T-MCM-41(70)>TiO,
Fe-TiO, > V-TiO, >
Cr-TiO, > Ce-TiO, 63-83 ~100 - - 4.0 [86, 87]
>TiO, > Cu-TiO,
Isomerization QC—>NBD
Catalyst Conversion, % Selectivity, % TON* T,°C** | Reaction time, h Link
CuSO, 75 - - 70 24.0 [91]
MoO,,
WO,, —
v.0. 100 100 28 24.0 [89]
and other oxides
CoPc(C NEt)./SiO,* up to 100 99.9 up to 40000 0-60 0.5-1.0 [96]
Fe,0,-CoSalphen * 100 100 more than 3305 | 25-110 1.0 [100]
Fe,0,-Cat3 100 100 more than 3305 25 0.5-1.0 [101]

* TON — Turnover number.
** Temperature of the process.

are also known. Depending on the type of metal
used and its ligand environment, it is already quite
selective to obtain paired mixtures of substances or
individual isomers with a high substrate conversion
(Table 2).

In order to improve the manufacturability
of the process of cyclodimerization of NBN- and

2 Pc — phthalocyanine.
3 Salphen — N,N'-phenylenebis(salicylideneimine).

NBD-derivatives, various heterogeneous -catalysts
have been created and tested in recent years.
The first among them were -catalysts in the
form of rhodium on a carbon support [108, 109].
The result of catalytic dimerization of NBD
in the presence of 5% Rh/C catalyst is a
mixture containing 57% endo-endo 7 and 8%
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NBD Dimers
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Isomers of 2,2'-bisnorbornylidene M

[2n+27] - pentacyclic

Isomers

Fig. 5. Structures of NBN and NBD dimers.
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exo-endo 9 dimers and 25% trimers as main products.
Further development of this direction occurred
more than 20 years later, when it was reported
on the use of transition metals supported on
zeolite as NBD dimerization catalysts [110].
Transition metals were introduced into the
zeolite by ion exchange and impregnation using
Ni(NO,),, [Rh(NH,).CI]Cl,, RhCl,, and PdCl, as
precursors. The main reaction product in this case
is exo-endo dimer 9, together with a small amount
of endo-endo (7) and exo-trans-exo (1) dimers.
Alcohols and ethers are also formed in trace
amounts. The effect of the precursor structure,
preparation methods, and pretreatment temperature
on activity and selectivity was studied. Various
types of zeolites were used as carriers for the
main component of the catalysts. On a 0.3%
Rh/Na-TsVM* catalyst prepared by ion exchange
using RhCl, as a precursor, the highest selectivity
for the formation of NBD dimers (97%) was
achieved: 82% of dimer 9 and 15% of dimer 7.
However, the conversion of NBD did not exceed
50% after 3 h reaction at 130°C. In the presence
of Rh ions or acid sites, the dimerization of
NBD leads to side reactions—the formation of
alcohols and esters. Most likely, this is due to
the hydration of NBD with water on the acid
sites of the zeolite. The temperature of catalyst
pretreatment and reaction also affects its
selectivity. An important effect can be exerted

by water, which participates in the NBD
hydration reaction and changes the adsorption
behavior of the zeolite. With an increase in the
pretreatment temperature, the yield of dimers
increases, while the yield of alcohols and
ethers decreases significantly. Changes in the
activity of the catalyst during its treatment
with hydrogen over a wide temperature range
allowed the authors to suggest that the main
active species in the dimerization of NBD are
centers in which Rh is in the +1 oxidation
state. When bulky ligands, such as triphenyl-
phosphine (TPP), which cannot penetrate the
zeolite channel, are added to the catalytic
system, the reactivity is significantly reduced.
Taking into account the strong coordination
ability of TPP with rhodium atoms, it was
concluded that the  dimerization reaction
occurred on the surface of the zeolite. In addition,
in the presence of TPP, heptacyclic dimer 11
appeared among the reaction products, which is
also formed during NBD dimerization using the
[Rh(NBD)CF,COO] ~TPP catalytic system [111].
It was suggested that TPP in the Rh-zeolite
catalytic system can change the type of cyclo-
addition from [2n+4mn] to [4nt4m], as occurs
during catalysis by the [Rh(NBD)CF,COO],
complex. The Rh-containing =zeolite probably
catalyzes the process similarly to the homogeneous
Rh(I) complex. Thus, at the initial stage, much

Table 2. Achievements of homogeneous catalysis in NBD dimerization

Dimer
Conditions for obtaining
: At | !
) /.
8
1 2 3 1
10
L . . . [Fe],

Catalyst active site [Ni] [Ni] [Ni] [Fe] [Co] [Co—Zn]
Maximum isomer yield, % 95 20 90 60-75 50-75 95
Selectivity, % 98 25 95 75 75 98
TON* 8000 5000 5000 5000 5000 3500

* TON — Turnover number.

* Na-pentasil, analog of pentasil ZSM-5 (see below), synthesized without an organic matrix, ratio SiO,/A1,0, = 33.3.
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attention was paid to the development of
Rh-containing heterogeneous catalysts, such as
Rh/C, Rh/zeolites. Heterogeneous catalysts based
on Rh have good selectivity for endo-endo (7)
and exo-endo (9) dimers (65% and 82%,
respectively). However, their activity is much
lower than that of homogeneous catalytic
systems. It should be noted separately that
Rh complexes can catalyze NBD dimerization
with the selective formation of exo-endo dimer 9,
which is not formed in the presence of other
transition metal catalysts.

Further development of this direction led
to the creation of heterogeneous catalysts
based on nickel. As expected, the catalysts
obtained by impregnating polystyrene with Ni
salts followed by their high-temperature reduction
with heavy paraffins [112] show rather high
activity and selectivity with respect to pentacyclic
dimers [113, 114].

By applying bis(n’-allyl)nickel onto phos-
phinated polystyrene containing a different number
of coordinating centers, a catalyst similar to
the homogeneous Ni(NBD),-phosphine system
was obtained in terms of specific activity and
selectivity of action with respect to individual
isomers. Its productivity was 120-150 g/h of
dimers per liter of solution. The catalyst itself is
regenerated with molecular hydrogen followed
by washing with toluene. The time of continuous
operation of the catalyst without regeneration
reaches 40-50 h. The catalyst showed a rather
high productivity, however, it was still lower
than that typical for homogeneous systems by a
factor of 1.8-2.5.

Further development of the direction of
heterogenization of homogeneous metal complexes
led to the creation of a catalyst in which Pd(0)
was heterogeneously supported on a silica
support with the content of polyethylene glycol
(PEG) controlled to increase its stability and
the possibility of reuse with a limited decrease
in the activity and selectivity of dimers. The

structure of the silica support was tuned to
achieve proper interaction with PEG and the
Pd(0) complex. Chain length and PEG
concentration were adjusted to further optimize
the state of the Pd(0) complex on silica. The
developed heterogeneous Pd(0) complex deposited
on PEG2000° controlled dendritic mesoporous
silica nanospheres demonstrated excellent
performance for the production of high energy
density fuels through the selective codimerization
of NBD with QC, with an 80% yield in a
nitrogen atmosphere at a temperature of 110°C,
dimer 8 was obtained [115]. However, even
though the authors of this work managed not
only to reduce the proportion of inactive Pd(II)
catalyst particles and the aggregation of active
Pd(0) particles in this reaction due to PEG,
the time stability of heterogenized catalysts for
dimerization processes continues to be a
stumbling  block.  when creating effective
technologies based on them.

Recently, there has been an active interest
in the wuse of various =zeolites as catalysts
for the dimerization of NBN, NBD, and their
derivatives.

The use of zeolites HY®, Hp’, HZSM-58,
Al-MCM-41°, KIT-6", and Co/HY'" [116-120]
in the dimerization of NBD leads not to the
formation of traditional products 23-28, but to the
formation of 4 stereoisomers 2,2'-binorbornylidene
19-22 and, in some cases, to isomers 29-31.
The activity of zeolites largely depends on the
reaction temperature, and as it increases from
100 to 250°C, the NBD conversion increases
from 2% to 42%. Among zeolite catalysts, HY
shows the highest yield of NBD dimers. This
is probably due to the combination of the
high concentration of Brensted acid sites and
the suitable pore structure of the HY zeolite.
When HY zeolite is impregnated with cobalt salts,
the concentration of Brensted acid sites
decreases, while that of Lewis sites, on the
contrary, increases. The conversion of NBD

> PEG 2000 is a high-quality ethylene glycol polymer with a molecular weight close to 2000 a.u.

¢ HY is a hydrogen-type molecular zeolite catalyst with a Y-type crystal structure, is a faujasite molecular sieve with a pore
diameter of 7.4 A and a three-dimensional pore structure, which is directly calcined by the ammonium exchange of the NaY
synthetic molecular sieve. The basic structural units of Y zeolites are sodalite cells, which are arranged in such a way that they form
supercells large enough to accommodate spheres with a diameter of 1.2 nm.

"Hp is a hydrogen-type molecular zeolite catalyst with the B-crystal structure, which is a microporous crystalline aluminosilicate
with a three-dimensional system of pores, the intersecting channels of which are formed by 12-membered rings with a diameter of

0.67 nm.

8 H-ZSM-5 is the H-form or proton type of ZSM-5 zeolite (see below).
® Al-MCM-41 belongs to the ExxonMobil M41S family of mesoporous molecular sieves.
10 KIT-6 is a high quality mesoporous silica molecular sieve available from ACS Material (USA). KIT-6 has a bicontinuous
cubic mesostructure with Ia3d symmetry and an interpenetrating cylindrical pore system.
1 Co/HY is a cobalt catalyst supported on a hydrogen-type molecular zeolite catalyst with a Y-type crystal structure.
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and the yield of dimers on Co/HY were higher
than on the HY -catalyst, which was explained
by the presence of a high concentration of
Lewis acid sites [118].

In [119], the efficiency of mesoporous
aluminosilicate ~ AI-KIT-6'" containing  both
Lewis and Brensted acid sites for NBD dimerization
was studied. The influence of the nature
of acid sites and the structure of pores on the
activity of the catalyst and selectivity for
dimers is described. The catalyst can be
reused, but the yield of NBD dimers turned out
to be low (<40%).

By applying the Co-Ni metals by the
impregnation method on AIF-MCM-41, MCM-485,
and vy-alumina, it was possible to carry out
the dimerization of NBD with yields up to 85%.
The activity of the supported Ni/AlI-MCM-41
catalyst turned out to be much higher than that
of MCM-48 and v-Al)O,. The catalyst itself
can be easily reduced and regenerated by
filtration and calcination [121].

The advantages of zeolite catalysts are
their low cost, reproducibility and reusability.
But their disadvantages are also obvious. Not only
the conversion of NBD, but also the selectivity
of dimers on such catalysts is much lower than
in the case of homogeneous catalysis with
transition metals. The highest yield achieved
on HY or Co/HY is 40-50%. In addition, the
distribution of NBD isomeric dimers is complex,
not all of them have been fully identified.

When a Cr/SiO, catalyst is wused, the
indicators are slightly higher: exo-trans-exo
isomer 1 is formed [122]. The conversion reaches
85% and the selectivity is about 76%. The
performance of this zeolite catalyst is also
somewhat higher.

Dimerization of NBN

The number of published data on the
dimerization of NBN itself is currently much
less. This process has been well studied only for
porous materials: zeolites and supported SiO,/Cr
catalysts [109, 122-127].

Patent [122] describes a method for
obtaining reduced CrO, on large-pore silica gel,

12° AlI-KIT-6 is an aluminum-substituted mesoporous
material KIT-6.

13 MCM-48 (Mobil Composition of Matter No. 48) is a
mesoporous material with a hierarchical structure with a three-
dimensional cubic pore structure from the family of silicate
and aluminosilicate solids, which were first developed by
researchers at Mobil Oil Corporation (USA) and can be used
as catalysts or catalyst carriers.

which allows NBN dimerization according to
the [2n+2n] type to obtain a  saturated
exo-trans-exo isomer 23, while a 71% yield of
NBN dimers was achieved, among of which the
content of dimer 23 is 85%. In the presence

of zeolites of the ZSM family (Zeolite
Socony Mobil), including MSM-22'4  PSH-3',
SSZ-25'%, and Hp =zeolites, compounds 19-22

are the main products [123]. The NBN conversion
in the presence of ZSM-5 zeolite reaches 81%
at room temperature in a nitrogen atmosphere.
The selectivity of the oligomers exceeds 95%,
of which 79% are NBN dimers and 21% are
trimers. Under similar conditions for zeolite Hf,
the selectivity for NBN dimers decreases to 70%.

In [125], the influence of the porous
structure of =zeolites and reaction conditions
on the selectivity of NBN dimerization was

studied. It has been shown that in chloroalkanes
in argon, the NBN conversion reaches 100%,
and the dimer selectivity is 90% in the presence
of HZSM-12'" and Hf zeolites.

When using ZSM-5'8, the NBN conversion
was 5%, which is explained by the lower
concentration of “strong” acidic sites and the
narrow pore size of the zeolite. The direct
channel diameter in HZSM-12 is 0.56-0.67 nm,
while for ZSM-5 this value is 0.51-0.56 nm.
Therefore, bulky NBN dimers are practically not
formed on ZSM-5; only smaller isomerization
products are formed on them, in particular, QC,
however, the mechanism of its production has
not been described.

The possibility of
mesoporous  aluminosilicates

using amorphous
ASM-40" in this

4 MCM-22 is a type of MWW zeolite with a pore size
of 10-MR and a layered structure with two independent pore
channels. One consists of two-dimensional sinusoidal slightly
elliptical 10-MR channels, and the other has a supercylindrical
12-MR cage between the layers.

5 PSH-3 is a zeolite with the chemical formula
M,/nO-AlLO,(20-150)SiO,, where M is an n-valent cation.

16 SSZ-25 is a zeolite with the chemical formula (from
0.1 to 2.0) (Q,0:(0.1-2.0)M,0-W,0,-(20-200)YO,, where
M is an alkali metal cation, W is aluminum, gallium, iron,
boron and/or mixtures thereof, Y is silicon, germanium
and/or mixtures thereof, and Q is the quaternary ammonium
ion adamantane.

7 HZSM-12 is a hydrogen-type molecular zeolite
catalyst, which is a silica-rich zeolite with a one-dimensional
12-member system of annular channels and a pore opening
of 5.7 x 6.1 A, which is slightly larger than that of ZSM-5
(see below).

18 ZSM-5—Zeolite Socony Mobil-5, patented by Mobil
in 1975 with the chemical formula Na Al Si, O ,,-16H,0
(0<n<27).

1 ASM-40 is a mesoporous aluminosilicate with an
atomic ratio of Si/Al = 40.
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reaction was also reported [126]. NBN is selectively
converted to dimers 19-22, QC, and part of
trimers in 40%, 24%, and 31% yields, respectively.
On heterogeneous catalysts such as zeolite and
amorphous mesoporous aluminosilicate, dimers
19-22 are the main components of the products.
The possibility of reuse, stability and -catalytic
activity of zeolite catalysts is higher than that
of metal complexes. In particular, under the
conditions of catalysis with ZSM-12?° and
HpB zeolites, the yield of NBN dimers exceeds
90%  within one hour, which meets the
requirements of green chemistry and industrial
economy. However, these heterogeneous
catalysts are sensitive to water and oxygenated
compounds. An urgent task at the moment is to
increase their resistance to oxygen.

In [127], the authors performed dimerization
of NBN on zeolites with acid sites. The
influence of the structure of the acidic properties
of zeolites on the catalytic properties and
selectivity of dimeric products was studied. The
results indicate that, at the first stage,
NBN isomerization occurs to give isomeric
product 32 (nortricyclene), which then turns into
dimers 19-22.

Among acid zeolites, HP-25?! shows the
best performance in NBN conversion and dimer
selectivity due to the synergistic effect of the
appropriate ratio of Brensted and Lewis acid sites
(B/L) and suitable pore size. Under optimal reaction
conditions (140°C, 8 h, HB-25), an NBN conversion of
99.5% was achieved, and the dimer selectivity
was 72.9%.

It should be noted that it is difficult to
selectively synthesize [2+2]-cyclodimers using
NBN dimerization. On the other hand, NBN
dimerization in the presence of tungsten complexes
or H-type zeolites can lead to four stereoisomers
19-22 containing the bis-2,2'-norbornylidene
structure, which can also be used as an additive
for fuels with high energy density. Thus, we can
conclude that the currently available modified
acid zeolite systems make it possible to maintain
the norbornene structure during the heterogeneous
catalytic dimerization of NBN.

Heterogeneous catalytic systems for the
dimerization reactions of NBN and NBD
derivatives, as well as their comparative

characteristics, are presented in Table 3.

20 ZSM-12 is a silica-rich zeolite with a one-dimensional
12-member system of annular channels and a pore opening of
5.7 x 6.1 A, which is slightly larger than that of ZSM-5.

21 HB-25 is a hydrogen-type molecular zeolite catalyst
Hp with a frame ratio Si/Al = 25.

Analyzing the data in Tables 2 and 3, it can
be seen from Fig. 3 that only a part of the
structural dimers can be efficiently synthesized at
present. Given the significant differences in the
properties of various stereoisomers, the controlled
synthesis of purer spatial dimers based on a
combination of experimental and theoretical methods
has broad research prospects. With a view to a
more industrially oriented practical application,
studies of catalytic systems for these processes
have gradually moved from homogeneous metal
complexes  to  heterogeneous  catalysts.  For
NBD dimerization, the catalytic performance of
heterogeneous  catalysts is  significantly lower
than that of metal complex systems that have
already become classical. On the other hand, the

use of HP and HZSM-12 zeolites in NBN
dimerization has already shown great success.
Interestingly, the tiny difference in structure

between NBD and NBN leads to a completely
different course of the dimerization process. It is
worth noting the progress in the field of creating
heterogenized catalytic = systems, which makes
it possible to obtain dimers with a selectivity
close to homogeneous systems. However, most
works on the heterogeneous dimerization of NBN
and NBD do not describe such important parameters
as [67]: the real structure of the catalyst, its
technological parameters, the possibility of its
recycling, turnover frequency, as well as an
important aspect in the immobilization of metal
complexes—the problem of leaching of active
particles, often changing the mechanism process,
as well as contamination of products with metal
particles [128—-131]. In the future, the development
of a new type of efficient heterogeneous catalyst
or improvement of the recycling characteristics
of metal complexes for dimerization of NBD is
an urgent task, while it is important not to forget
to investigate the exact mechanism of the catalyst.

CONCLUSIONS

In recent years, interest in compounds
containing norbornene and norbornadiene fragments
has grown significantly. The spheres of their use in
the areas of obtaining both strained low molecular
weight reactive substrates and new polymeric
materials are constantly expanding. For the optimal
and large-scale solution of the tasks set,
accessible, reliable, and technological methods for the
selective synthesis of norbornene monomers using
heterogeneous catalysts are required, which allow
the processes to be carried out with the maintenance
of the strained norbornene structure.
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** Temperature of the process

An analysis of the current state of this
problem shows that only the first steps have been
taken in this direction, and researchers will have
to overcome many problems, both theoretical and
experimental. However, some progress has already
been made along this path. In a number of processes,
it is possible not only to maintain the strained
carbocyclic framework, but also to find ways to
control the regio- and stereo-selectivity of the
reaction. Sometimes the wuse of heterogeneous
catalysts even gives a unique effect, allowing you
to direct the process in a completely new direction.

The activity and selectivity of heterogeneous
catalysts in reactions involving NBD are still
significantly lower than in homogeneous systems.
Catalyst performance improvement and recycling
still require further study. The design and
development of new types of heterogeneous
catalysts, the immobilization of transition metal
complexes, the use of new types of supports and
surface modifiers for the qualitative fixation of
active centers can become strategic directions. It will
be necessary to study and use the phenomenon of
synergy, which makes it possible to consistently
predict and select optimal conditions for substrates
and products of a given structure. This includes
taking into account the possibility of leaching of
active components from the surface of carriers
during the reaction and other technologically
unfavorable transformations of catalysts during
their operation in order to optimize the reaction
in continuous flow reactors.
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Abstract

Objectives. The study aimed to develop new effective heat stabilizers based on glycerol esters
of monocarboxylic acids for industrial chlorinated paraffins and to select of the optimal ratio of
active ingredients in the stabilizing composition in order to provide the maximum thermostabilizing
effect.

Methods. The thermostabilizing effect of the studied samples on chlorinated paraffins was
evaluated according to the standard method for determining the thermal stability of liquid
chlorinated paraffins in terms of the mass fraction of split off hydrogen chloride. Quantitative
and qualitative analysis of the obtained mixtures of monocarboxylic acid glycerides was carried
out using chromato-mass spectrometry.

Results. Glycerides of monocarboxylic acids (oleic, octanoic, hexanoic, and propionic acids) were
obtained and identified, and the compositions of the resulting mixtures of mono-, di- and triesters
were determined. The stabilizing effect of the obtained mixtures of glycerides of monocarboxylic
acids in the amount of 0.5-2.0 wt parts per 100 wt parts of unstabilized industrial chlorinated
paraffin CP-30 was determined. The combined use of glycerides of monocarboxylic acids
with calcium-containing compounds as a complex stabilizer with a molar ratio of esters/Ca
0.93-0.86/0.07-0. 14, respectively, was investigated. Chloroparaffin CP-470, stabilized by the
developed complex stabilizer, was successfully used in a polyvinyl chloride composition for cable
compound of the brand OM-40.
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Conclusions. A proposed variant of a complex stabilizer for chlorinated paraffins based on
Russian raw materials for import substitution will expand the range of effective stabilizers
for organochlorine substances. Glycerides of monocarboxylic acids are shown to exhibit a
thermostabilizing effect on industrial chlorinated paraffins. The relationship between the length
of the hydrocarbon substituent of the carboxylic acid in the ester and the thermostabilizing
effect is obtained. With an increase in the number of carbon atoms in the hydrocarbon
substituent of the carboxylic acid, the heat-stabilizing ability decreases. The minimum sufficient
concentration of glycerides of carboxylic acids was 0.05 £ 0.005 mol/kg, above which no
increase in the thermostabilizing effect on chloroparaffin was observed. A synergistic ratio
of the components of the stabilizing mixture in terms of thermal stability—glycerides of
monocarboxylic acids/ calcium-containing compounds—uwas found equal to 0.85-0.9/0.15-0.1.

Keywords: chloroparaffins, thermal stability, esterification, glycerol esters, calcium glyceroxide
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HAYYHAS CTATbA

CuHTe3 cTAa0MIM3aTOPOB HA OCHOBE IVIMLIEPHU/I0B
MOHOKAPOOHOBBIX KHCJIOT U1l MPOMBIIIJICHHBIX XJI0pnapa(puHoB

I0.A. 3oToB™, .M. BanpaBauHa, E.B. lllumukun, }I0.B. [Tonos

Boneoepadckuil 2ocydapcmaeeHHblil. mexHuueckuil yHuesepcumem, Bonezozpad, 400005 Poccus
" Aemop ons nepenucku, e-mail: ylzotov@mail.ru

AHHOMAuust

Ifenu. Paspabomame Ho8ble 3¢hherkmusHble mepMmocmabusiu3zamopbl HA OCHOBE CJLOINHBLLX Ihu-
D08 2uUepUHA MOHOKAPOOHO8LLX KUCIOM O/l NPOMbLULIEHHbLX Xopnapaguros. Halimu onmu-
MalbHOe cOOMHoweHue delicmayruux eeuecma cmabunusupyrouieti Komnosuyuu obecneuusa-
rulee MaKCumMalbHoe mepmocmabunusupyrowee oeticmesue.

Memooust. OueHky mepmocmaduiusupyrousezo delicmaust uccaedyemsblx obpasyos HA XJI0pu-
PO8GHHblLE NAPAGPUHBL NPOBOOUNU NO CMAHOAPMHOU MemooduKe onpedeneHust mepmocmaduib-
HOCMU JKUOKUX X0pnapaguHo8 8 nepecueme HA MACCO8YH 00110 OMULENAEHH020 XJ0PUCMO20
g8o0opoda. KonuuecmeeHHblil U KauecmeeHHblll AHAIU3 NONYUEHHBLX cmecell 2IULepuo08 MOHO-
KapOOHOBbIX KUCIOM NPOBOOUNU C UCNOABL30EAHUEM XPOMAMO-MACC-CREKMPOMEMPUUECKO20
aHanusa.

Pesynemameut. IlonyueHbl. U uUdeHMUPUUUPOBAHDBL 2AUUEepUObl MOHOKAPOOHO8bIX KUCAOM
(oneuHosotli, okmaHoe8ol, 2eKCaHOB80U U NPONUOHOB0U Kucsiom), onpedesieHbl cocmaebl obpa-
3yrouiuxcst emecelli MOHO-, Ou- u mpuagupos. OnpedeneHo cmabunusupyrowee oeticmaue no-
JAYUEHHbLX cmecell 2nuyepudo8 MOHOKapboHosblx Kucriom 8 koauuecmee 0.5-2.0 mac. u. Ha
100 mac. u. HecCMabUAUIUPOBAHHO20 NPOMbLUIEHHO20 XxaophapaguHa maprku XI1-30. Hcene-
008GHO COBMECMHOE UCNONBb308AHUE 2/IUUEPUO08 MOHOKAPOOHO8bIX Kuciom ¢ Kaavyulicooep-
HAWUMU COeOUHEHUIMU 8 Kauecmee KOMNIEKCHO20 CMabuau3amopa € MOJbHbILM COOMHO-
weHruem agupsl/Ca 0.93-0.86/0.07-0.14 coomeemcmeeHHo. Xnopnapagpur XI1-470,
CcmMabunuU3uUpo8aHHbllL.  paspabomaHHbiM — KOMNIEKCHbIM — CMAOUIU3AMOPOM,  YCNEULHO
UCNOIB308AH 8 NOAUBUHUAXIOPUOHOU KOMNO3ULUU 05 KabesbHozo niacmukama mapiku OM-40.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(4):298-310
299


https://doi.org/10.32362/2410-6593-2022-17-4-298-310
mailto:ylzotov@mail.ru

Synthesis of stabilizers based on glycerides of monocarboxylic acids ...

BubLe00bt. [IpedioskeH 8apuaHm KOMNACKCHO20 CmabuUAu3amopa 0Jist XJI0pnapagpuHo8 Ha 0CHO8E
poccuiicKozo colpbst 051 UMNOPMO3IAMEULEHUSL, PACULUPSIIOWUT accopmumeHm agppermueHblx
CcmMabunu3amoposg X10PopPeaHUUECKUX 8euiecms. YCmaHo8neHo, Umo aauyepudsbl MOHOKAPOOHO-
8blX KUCOM NPOs8Asiiom mepmocmabunusupyrowee delicmeue Ha NPOMbLULIEHHbLE XI0PNAPa-
uHbl. ObHApYIEHA 83AUMOCES3b ONUHBL Y2/1e8000p00H020 3amecmumenss KapboHO8ol KUCIO-
mbl 8 CIOIKHOM 3hupe Ha mepmocmadbunusupyrouee oeticmeaue. C ygenuueHuem Uucia amomos
Yyanepooa 8 yz2nego00poOHOM 3amecmumene KapboHO80U KUC/OMbL MepMOCmMAabUNUSUPYIOULAS
cnocobHocmb cHUXKaemest. YCmaHoe/ieHa MUHUMAIbHASL 00CMAMOUHASL KOHUEHMPAYUSL 2Uye-
puodoe kapboHosblx kucsom 0.05 = 0.005 mons/ Kz, 8bluie Komopotli He Habarodaemes: YysenuueHue
mepmocmabunusupyrowezo deticmaust Ha xnopnapaguH. HalioeHo cunepeuueckoe coomHoule-
HUe KOMNOHEeHMo8 cmabuausupyrouetc cmecu no mepmocmabuibHOCMU: 2aUuyepudsbl MOHOKAD-
60HO8bLX Kuciom/ Kanvyuiicooeprkaujue coedurHerus, pagHoe 0.85-0.9/0.15-0.1.

Knroueesle cnoea: x10pnapagpuHsl, mepmocmabuibHOCMb, SMePUPUKAUUSL, CAONHbBLE IPUpPbL

2auyepuHa, ciuyepam Kaslosyust

Jna yumupoeanua: 3oros 0.J1., 3anpaBauna J[.M., Illumkun E.B., Tlonos 0.B. Cuntes crabuinzatopoB Ha
OCHOBE TJIHIIEPUIOB MOHOKAPOOHOBBIX KHCIOT JJIsi MPOMBIIIJICHHBIX XJoprnapaguHoB. TonKue XuMuueckue mexHoio2uu.
2022;17(4):298-310. https://doi.org/10.32362/2410-6593-2022-17-4-298-310

INTRODUCTION

Representing multi-tonnage products of the
organic synthesis industry, chlorinated paraffins
are used as secondary plasticizers for polymer
compositions based on polyvinyl chloride (PVC)
to partially replace primary plasticizers such as
phthalates and phosphate esters. The wuse of
chlorinated paraffins makes it possible to increase
the fire resistance and low-temperature strength of
polymer products [1]. Chloroparaffins are widely
used in the production of cable materials,
wall panels, shoe plastic, and other products.
However, chloroparaffins are subject to thermal
decomposition. Technological temperatures of
polyvinyl chloride processing exceed 200°C,
leading to the decomposition of chloroparaffins,
along with the release of gaseous hydrogen
chloride, which is known [2] to initiate of the
process of dehydrochlorination of organochlorine
compounds.

To prevent the process of thermal degradation
of chloroparaffins, which are part of the PVC

composition, the use of stabilizers is required to
increase its own thermal stability. Chloroparaffins
are traditionally stabilized with epoxy compounds,
such as epoxidized soybean oil or epoxidized
resins (ED-20) [3, 4]. For example, mixtures
containing piperidine derivatives with phosphoric
esters [5], aliphatic ketone with benzylamine,
aliphatic amine, or amino alcohol [6], phosphoric
acid esters with glycerol [7], adamantyl-containing
imidic acid derivatives with epoxidized soybean
oil [8] are used as stabilizers. Hydrogen chloride
acceptors are also used as heat stabilizers, for
example, salts of aliphatic carboxylic acids with
the number of carbon atoms in the chain C, -C,,
and alkaline earth metal of group II of the
Periodic Table [9, 10]. Thus, a more pronounced
thermostabilizing effect is achieved, both due
to the well-known synergistic effect [11] and
chemical processes occurring during thermal
stabilization at different speeds and with
different sequences of reaction of different salts.

The development of technologies for the
production of biodiesel by transesterification of
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vegetable oils with methanol (or other alcohols)
has led to the appearance on the market of a
significant quantity of glycerol, which is formed
as a byproduct [12]. In this regard, the use of glycerol
as a cheap Russian renewable and environmentally
friendly raw material for the production of products
with high added value has become relevant.

In order to improve the quality of industrial
chlorinated paraffins, we are developing new
complex stabilizers based on glycerol esters and
calcium-containing compounds, which will not
only increase the thermal stability of the initial
chloroparaffin, but also favorably affect the
physicomechanical properties of the polymer
composition and finished products. Since there
is no information in the scientific and technical
literature about the stabilizing effect of carboxylic
acid glycerides on chlorinated hydrocarbons,
research in this direction is of practical and scientific
interest.

MATERIALS AND METHODS

Glycerol (985 wt %, c.p.), oleic acid of
the B-115 brand (974 wt %, tech.), octane
acid (995 wt %, cp.), hexanoic acid
(99 wt %, c.p.), propionic acid (99 wt %, c.p.), calcium
hydroxide (97 wt %, p.a., used after calcination
at  300°C for 30 min), petroleum  toluene
99 wt %, pa), chloroparaffin CP-30 grade A
(STO 00203275-201-2006' with amendments 1, 2)
(manufactured by Chimmed and Kaustik, Russia)
were used in the work. To conduct studies of
the thermostabilizing effect of monocarboxylic
acid glycerides on organochlorine compounds,
chloroparaffin CP-30 was specially synthesized
in production conditions and sampled after the
end of the hydrogen chloride blowing stage
before the mixing operation with a prescription
stabilizer.

Identification of the product obtained by
esterification of glycerol with carboxylic acids
was carried out using chromato-mass spectrometric
analysis on a Saturn 2100T chromato-mass
spectrometer (Varian, USA) with a quartz capillary
column VF-Ims 30 M X 0.25 mm x 0.25 pm and
the following parameters: carrier gas—helium; flow
rate—1.2 mL/min; injector with a 1:10 flow split;
injector temperature—280°C. When programming
the temperature of the capillary column, the following
parameters were used: initial temperature—80°C;
isotherm time—3 min; final temperature—300°C,

! https://www.kaustik.ru/ru/index.php/produktsiya-i-
uslugi/khlorparafiny/khlorparafin-khp-30, accessed March 25,
2022.

isotherm time—2 min; heating rate—10°C/min;
total analysis time—30 min. The detector is mass
selective with electron ionization energy of 70 eV.
The spectra were recorded in full scan mode (SCAN)
within the mass range from 40 to 650 Da at a
data collection rate of 2000 Da/s.

Oleic acid monoglyceride: mass spectrum,
miz (I, %): 356 (3.2) [M]’, 339 (23.7), 264 (99.9),
166 (15.7), 137 (24.9), 112 (23.3), 98 (45.9),
83 (31.8), 69 (32.4), 55 (60.3), 41 (55.7). Oleic acid
diglyceride: mass spectrum, m/z (1, %): 339 (11.8),
265 (8.6), 185 (51.2), 129 (99.9), 97 (14.3), 83 (21.4),
69 (28.2), 55 (59.1), 41 (42.4). Oleic acid: mass
spectrum, m/z (I ,, %): 282 (5.5) [M]", 264 (41.9),

151 (18.9), 123 (24), 111 (30.3), 97 (65), 83 (67.8),
69 (66.4), 55 (99.9), 41 (80).

Octanoic acid monoglyceride: mass spectrum,
miz (I, %): 218 (17.3) [M]", 201 (100), 127 (62.5),
57 (74.9). Octanoic acid diglyceride: mass spectrum,
mlz (I, %): 327 (67.2), 242 (18.2), 201 (100),
127 (83.2), 57 (75.3). Octanoic acid triglyceride:
mass spectrum, m/z (I, %): 327 (100), 313 (12.2),
242 (17.5), 201 (25.4), 127 (71.5), 57 (57.8).
Octanoic acid: mass spectrum, m/z (I, %):

144 (13.6) [M]", 126 (10.2), 114 (18.6), 100 (53.2),
73 (75), 60 (100), 55 (58.1), 43 (52.6).

Hexanoic acid monoglyceride: mass spectrum,
miz (I, %): 190 (23.5) [M]', 172 (99.9), 99 (87.3),
71 (49.8), 43 (100). Hexanoic acid diglyceride:
mass spectrum, m/z (I, %): 271 (99.9), 173 (29.9),
99 (10.3), 43 (13.8). Hexanoic acid triglyceride:
mass spectrum, m/z (I , %): 271 (7.4), 227 (7.5),
100 (6.7), 99 (99.9), 71 (20.6), 43 (22.8). Hexanoic
acid: mass spectrum, m/z (I ,, %): 116 (0.9) [M]",
87 (13.4), 73 (44.5), 60 (100), 41 (19.6).

Propionic acid monoglyceride: mass spectrum,
miz (I, %): 117 (12.7) [M]", 88 (7.2), 61 (14.5),
57 (100). Propionic acid diglyceride: mass spectrum,
miz (I, %): 187 (5.1), 148 (33.9), 131 (99.9),
117 (13.7), 57 (51.6). Propionic acid triglyceride:
mass spectrum, m/z (I, %): 187 (5.7), 173 (17.5),
121 (8.1), 117 (14.3), 57 (100). Propionic acid:
mass spectrum, m/z (I, %): 74 (100) [M]’,
57 (46.7), 45 (89.3).

The infrared (IR) spectra of the obtained
calcium glyceroxide were recorded in air at
room temperature on a Nicolet-6700 IR Fourier
spectrometer (Thermos Scientific, USA) in the region
0of 400-4000 cm ™! with a scanning step of 0.5 cm™".

The elemental analysis was performed using
the Elementar Vario EL cube analyzer (Abacus
Analytical Systems GmbH, Germany).
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Preparation of the catalyst

The synthesis of calcium glyceroxide [13]
was carried out by the interaction of glycerol with
calcium hydroxide (Scheme 1). For removing
reaction water by azeotropic distillation using
a reflux condenser and an upper-drive agitator,
1.36 mol of glycerol, 0.22 mol of calcium hydroxide,
and 30 mL of toluene as an azeotropic forming
agent were loaded into the reactor equipped with a
Dean-Stark nozzle. The reaction mass was stirred
at 450 + 10 rpm and boiled with the withdrawal
of reaction water in the Dean-Stark nozzle.
After distilling the calculated amount of reaction
water (duration about 7 h), the reaction mass was
cooled. The resulting precipitate was separated by
filtration under vacuum, washed with ethanol until
the unreacted glycerol was completely removed,
and dried for 1 h at a temperature of 105°C.
The resulting calcium glyceroxide was stored
in a desiccator under argon over solid NaOH.
IR spectrum, v, cm™: 3229 w (OH), 2874 m
(C-H), 2836 w (C-H), 1128 w (C-0O),
1091 m (C-0), 3641 (Ca-0), 1370 w [3(S-O-N)],
1306 s [6(C—O-N)]. Elemental analysis: found with
(29.9 + 3.0%), H (6.0 £ 0.6%) [Ca(C,H.O,),]I;
calculated with (32.4%), H (6.3%).

O (0]
~cg”
2 HO/T\OH + Ca(OH), — » + 2H,0
- OH HO
H H

Scheme 1. Synthesis of calcium glyceroxide.

Esterification of glycerol with monocarboxylic acids

The interaction of glycerol with carboxylic
acids (Scheme 2) was carried out in a three-
necked flask equipped with a reflux condenser,
a Dean-Stark nozzle for removing reaction
water by azeotropic distillation, a thermometer
and an upper-drive agitator. Glycerol, calcium
glyceroxide, monocarboxylic acid and toluene as an
azeotroping agent were loaded into the reactor
(Table 1). Then the temperature of the reaction mass
was gradually increased until the azeotrope began
to boil (85-110°C) and kept at this temperature
for 10 h. As the reaction progressed, the resulting
reaction water was distilled with azeotrope
and toluene. After distilling water in an amount
of approximately 1 mol, toluene was distilled
from the reaction mass in the vacuum of a water
jet pump at a temperature of 110°C for 1 h. The
unreacted glycerol was separated on the dividing
funnel.

R:C H,,CH _ , CH

1777332 77715 501

CH,.

Scheme 2. Interaction of glycerol with carboxylic acids.

Method of isolation of glycerides
of monocarboxylic acids

Following the esterification process, the
reaction mass was mixed with acetone in a mass
ratio of 1:1. The resulting mixture was loaded
into the reactor and a few drops of phenolphthalein
alcohol solution were added. Then, with stirring,
a 0.1 mol/dm® sodium hydroxide solution was
added dropwise to a stable weak pink color over
more than 30 s. The resulting precipitate was
separated by centrifugation. Then acetone was
distilled from the centrifuge at atmospheric
pressure.

Investigation of the thermal stability
of chloroparaffins

The effectiveness of the obtained samples as
complex stabilizers was evaluated according to
the standard method for determining the thermal
stability of liquid chloroparaffins in terms of the
mass fraction of separated hydrogen chloride.

As model compositions, a mixture of the
following composition was selected to test the
stabilizing effect of additives: 100 wt parts of
unstabilized chloroparaffin of the CP-30 brand and
0.5-2 wt parts of the tested additive.

The analyzed mixture in the amount of
9.5-10.5 g was loaded into a test tube equipped

2 STO 00203275-201-2006 with amend. 1, 2.
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Table 1. Loading of reagents for obtaining complex stabilizers

Starting reagents
Sample No. Carboxylic acid
Glycerol, mol Calcium glyceroxide, mol
Name Quantity, mol
1* 1 Oleic 1 0.015
2% 1 Octane 1 0.015
3% 1 Hexane 1 0.015
4% 1 Propionic 1 0.015
6 1 Oleic 1.13 0.066
7 1 Oleic 1.21 0.104
8 1 Oleic 1.30 1.148
9 1 Octanoic acid 1.30 1.148
10 1 Hexane 1.30 1.148
11 1 Propionic 1.30 1.148

*Qlycerides of monocarboxylic acids were isolated from the resulting reaction mixture according to the procedure.

with a nozzle for nitrogen injection. The test tube
was connected to the nitrogen supply line. The
exhaust pipe of the nozzle was connected to two
sequentially connected Drexel flasks, into the
second of which 100 mL of distilled water was
pre-poured. The test tube with the analyzed
mixture was placed in a bath filled with a thermostatic
liquid, preheated to 175 4+ 2°C and nitrogen
was supplied through a rheometer at a speed of
30 cm®/min. After holding the test tube for 4 h,
the  Drexel flask  containing  water  was
disconnected. The resulting aqueous solution
was titrated with a solution of sodium hydroxide
of molar concentration C = 0.01 mol/dm® until
the color change of the indicator.

Thermal stability was calculated in terms
of the mass fraction of separated HCI (X) as a
percentage using the formula

X=(Vx0.0003646 x 100 x K)/m,

where V is the volume of sodium hydroxide
solution of molar concentration C ., = 0.01 mol/dm?
spent on titration, cm?® 0.0003646 g/cm’ is
HCl mass corresponding to 1 cm?® of sodium
hydroxide solution ~ of  molar  concentration
Conaory = 0.01 mol/dm®; m is the mass of the analyzed
sample, g; K is the coefficient of correction to the

sodium hydroxide solution.

RESULTS AND DISCUSSION
Glycerol esters and monocarboxylic acids
were selected as heat stabilizers for industrial

chlorinated paraffins.

A method developed [14] for esterification
of glycerol with monocarboxylic acids in the
presence of calcium glyceroxide as a catalyst
can be used to obtain glycerol esters without
the formation of byproducts characteristic of
acid catalysis. This process can be described by
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formation of
monoglyceride,

successive reactions with the
the following products:
diglyceride, and triglyceride.

Glycerides of carboxylic acids synthesized
according to the proposed method using
monocarboxylic acids with different hydrocarbon
substituent lengths were identified by chromato-
mass spectrometric analysis. The compositions of
the obtained mixtures of glycerides are presented
in Table 2.

The resulting mixtures of glycerides were
tested as heat stabilizers of liquid chloroparaffins.
The assessment of the thermostabilizing effect
of the studied compounds was carried out
by determining the thermal stability in terms of
the mass fraction of separated hydrogen chloride.
For unstabilized chloroparaffin CP-30 (control
sample), the mass fraction of the separated
hydrogen chloride of 0.714% was measured
according to the above-described method.

The results of the study of the thermostabilizing
effect of the studied mixtures of glycerides of
monocarboxylic acids on chloroparaffin are
presented in Figs. 1 and 2.

The results obtained indicate a high thermal
stability value even with a small quantity of
glycerides. Thus, with a content of 0.5 wt parts
glycerides of oleic acid (sample 1) per 100 wt parts
of unstabilized chloroparaffin, a mass fraction of
separated hydrogen chloride of about 0.07% is
achieved, which is 10 times lower than unstabilized
chloroparaffin.

According to the graphs of the dependence of
the mass fraction of separated hydrogen chloride on
the content of carboxylic acid glycerides obtained
after converting the weight parts to a molal

concentration (Fig. 2), an increase in the stabilizer
concentration of more than 0.05 mol/kg does not
lead to an increase in thermal stability.

The following conclusions can be drawn on the
basis of the data analysis:

— the stabilizing effect of glycerides of
carboxylic acids on industrial chloroparaffin
was established. It was found that propionic acid
glycerides have the most effective thermostabilizing
effect;

— the relationship between the length of the
hydrocarbon substituent of carboxylic acid in a
ester and the thermostabilizing effect was obtained.
It was shown that stabilizing ability decreases
with an increase in the number of carbon atoms
in the hydrocarbon substituent of carboxylic acid;

— the concentration of glycerides of carboxylic
acids at which the maximum thermostabilizing
ability is achieved was established. It is advisable to
study additives consisting of mixtures of glycerides
of various carboxylic acids at a concentration
of 0.05 £+ 0.005 mol/kg in order to study synergy.

Calcium compounds are standard stabilizers
for organochlorine compounds [11]. According
to the method developed by us [14], glycerides
of carboxylic acids can be synthesized using
calcium glyceroxide as a catalyst. During synthesis,
calcium glyceroxide is converted into calcium
carboxylate (Scheme 3) in the presence of an
excess of carboxylic acid corresponding to
the amount of catalyst to obtain a complex stabilizer
containing glycerides of carboxylic acids and
calcium-containing compounds as active substances.

Calcium salts are effective acceptors of
hydrogen chloride; when used as part of a stabilizing
additive, they neutralize hydrogen chloride to

Table 2. Compositions of the studied mixtures of glycerides of carboxylic acids

Amount, wt %
Sample No. Carboxylic acid glycerides
MG DG TG
1 Oleic acid glycerides 81.8 18.2 -
2 Octanoic acid glycerides 68.4 30.4 1.2
3 Hexanoic acid glycerides 66.8 30.7 2.5
4 Propionic acid glycerides 67.5 29.4 3.1

Note: MG are monoglycerides; DG are diglycerides; TG are triglycerides.
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0.05

0.04

0.03

Thermal stability of chloroparaffines
in terms of mass fraction of separated HCI, %

0.02

0.01

0.5

1.0
Number of glicerides of carboxylic acids, wt parts

1.5

Fig. 1. Dependence of the mass fraction of cleaved
hydrogen chloride for chlorpapafin CP-30 on the content
of carboxylic acid glycerides (wt parts).
¢ Oleic acid glycerides;

m Octanoic acid glycerides;

A Hexanoic acid glycerides;

x Propionic acid glycerides.

prevent its catalytic effect on the reaction of
dehydrochlorination of chloroparaffin. It has been
assumed that the combined use of monocarboxylic
acid glycerides with calcium-containing compounds
could lead to a synergistic effect. To determine
the ratio of the components of the synergetic
composition, laboratory samples (6—8) with different
molar ratios of active substances were prepared.
Compositions obtained using oleic acid were
selected as the object of research. The molar
ratios of active substances and the results of
thermal stability are presented in Table 3.

Model  compositions  for  testing  the
stabilizing effect of the studied additives contain:
100 wt parts of unstabilized chloroparaffin of
the CP-30 brand and 2 wt parts of the tested samples

(1, 5-11).

The obtained results were compared with
the thermostabilizing effect of individual
components of the tested compositions: oleic

2.0

Thermal stability of chloroparaftines
in terms of mass fraction of separated HCI, %

0.01

0.03 0.05

Number of glicerides of carboxylic acids, mol/kg

0.07

Fig. 2. Dependence of the mass fraction of cleaved
hydrogen chloride for chlorpapafin CP-30 on the content
of carboxylic acid glycerides (mol/kg).
¢ Oleic acid glycerides;

m Octanoic acid glycerides;

A Hexanoic acid glycerides;

x Propionic acid glycerides.

acid glycerides (sample 1) and calcium oleate
(sample 5).

The analysis of the obtained results
supports the conclusion that oleic acid glycerides
exhibit a synergistic effect on thermal stability
in combination with calcium-containing compounds
(samples 7 and 8). This phenomenon is explained
by the combined action of the used substances
acting on various stabilization mechanisms. The
resulting hydrogen chloride is chemically bound
by calcium compounds. When chloroparaffins
are  stabilized, carboxylic acid glycerides
stabilize labile chlorine atoms due to the dipole
interaction between chlorine atoms in chloroparaffin
and carbonyl groups of esters.

In accordance with the found synergistic
ratio of the components of the stabilizing
composition, laboratory samples (8—11) synthesized
using  monocarboxylic acids with  different
lengths of the hydrocarbon substituent were

0 (o) OH
Ny
Ca o] R o o R
\Ca/
+2R —_— +2
OH HO OH
H

H H H

Scheme 3. Conversion of calcium glyceroxide to calcium carboxylate.
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Table 3. Influence of the molar ratio of
on the thermal stability of chlorinated paraffin CP-30

the active

substances of the stabilizing mixture

Ratio of the components of the stabilizing compositions, mol Thermal stability
Sample of chlorinated paraffin
No. in terms of the mass fraction
of split off HCI, %
Oleic acid glycerides Ca”
1 1 - 0.0128
6 0.93 0.07 0.0093
7 0.90 0.10 0.0079
8 0.86 0.14 0.0042
S5* - 1 0.0085

*Calcium oleate was used to study the thermostabilizing effect of calcium-containing compounds.

prepared and tested. The obtained results of
thermal stability of liquid chloroparaffin CP-30 are
presented in Table 4 in terms of the mass fraction
of separated hydrogen chloride.

Using the developed version of the complex
stabilizer (sample 10), a stabilized sample of
chloroparaffin of the CP-470 brand was subsequently
used in the manufacture of OM-40 cable plastic

according to the production recipe. Table 5 presents
the physical and mechanical parameters of the
obtained PVC plastics.

The manufacture and testing of cable plastic
was carried out in the Kaustik specialized laboratory
(Volgograd, Russia) in accordance with the
requirements of STO 22542799-04-2001,
amend. 1, 2, to OM-40. The test results showed that

Table 4. Thermal stability of CP-30 chlorinated paraffin in terms of the mass fraction of cleaved hydrogen chloride

for synergistic mixtures of active ingredients

L Ratio of components Thermal stability
Sample U.sed carboxylic a cid of stabilizing compositions, mol of chlorinated paraffin
in the preparation q q
No. — & in terms of the mass fraction
of stabilizing compositions of split off HCL %
Oleic acid glycerides Ca? P b7
8 Oleic acid 0.860 0.140 0.0042
9 Octanoic acid 0.864 0.136 0.0033
10 Hexanoic acid 0.866 0.134 <0.0027
11 Propionic acid 0.870 0.130 <0.0027
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Table 5. Physicomechanical properties of cable plastic compound grade OM-40

Actual indicators

N lized indicat Requirements of
e A 0 A S STO 22542799-042001, | Plastic compound is made Plastic compound is made
of cable compound amend. 1,2, to OM-40 | using chlorinated paraffin using chlorinated paraffin
CP-470A produced by CP-470 stabilized by the
Kaustik (control) proposed composition
3 2
Breaking strength, kgf/cm?, 120.4 148 144
not less
1 0
Elongation at break, %, 300 546 523
not less
Specific volume electrical resistance, 110 83101 5161012
Q-m cm, not less
Shore hardness, scale units 70-85 74 +2 75+2
Density, g/cm?, no more 1.45 1.41 1.41

Additional indicators

Melt flow index of plastic compound

granules at 185°C, 5 kgf, g/10 min® Non-standardized

17.53 19.52

Thermal stability of plastic compound Non-standardized
granules at 200°C, Congo red, min*

100 110

the developed version of the stabilizer can be used
to  stabilize industrial  chloroparaffins  while
maintaining the operational properties of the final
products.

CONCLUSIONS

A variant of a complex stabilizer for
chloroparaffins based on Russian raw materials
for import substitution was proposed, expanding
the range of effective stabilizers of organochlorine
substances. It has been established that glycerides

of monocarboxylic acids exhibit a thermostabilizing
effect on industrial chloroparaffins. The relationship
of the length of the hydrocarbon substituent of
carboxylic acid in the ester to the thermostabilizing
effect was obtained. With an increase in the number
of carbon atoms in the hydrocarbon substituent of
carboxylic acid, the thermostabilizing ability decreases.
The minimum sufficient concentration of glycerides
of carboxylic acids 0.05 + 0.005 mol/kg was
established. Above this concentration, there is
no increase in the thermal stabilizing effect on
chloroparaffin. A synergistic ratio of the components
of the stabilizing mixture in terms of thermal

3 GOST 11645-73. Plastics. Determination of flow index of thermoplastics melt by extrusion plastometer. Moscow: Izd.

Standartov; 1994 (in Russ).

4GOST 14041-91. Plastics. Determination of the tendency of compounds and products based on vinyl chloride homopolymers
and copolymers to evolve hydrogen chloride and any other acidic products of elevated temperatures. Congo red method. Moscow:

Izd. Standartov; 1992 (in Russ).
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stability was obtained as follows: glycerides of
monocarboxylic acids/calcium-containing compounds,
equal to 0.85-0.9/0.15-0.1. The tests of the developed
sample of the complex stabilizer carried out in the
Kaustik specialized laboratory demonstrated the
possibility of its use for the stabilization of commercial
chloroparaffins.
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Abstract

Objectives. A key step in the synthesis of natural nucleoside analogs is the formation of a glycosidic
bond between the carbohydrate fragment and the heterocyclic base. Glycosylation methods differ
in terms of regio- and stereoselectivity. A promising method for the highly specific synthesis of
new pharmacologically active compounds involves an enzymatic reaction catalyzed by genetically
engineered nucleoside phosphorylases. This study is devoted to the synthesis of a library of
analogs of nucleoside heterocyclic bases—5-oxymethyl-1,2,4-triazole-3-carboxamides—in order
to investigate the substrate specificity of genetically engineered nucleoside phosphorylases.
Methods. A method of cyclization of acylamidrazones obtained from the single synthetic
precursor f3-N-tert-butyloxycarbonyl-oxalamidrazone was used to parallel-synthesize new
5-alkoxy/ aryloxymethyl-1,2,4-triazole-3-carboxamides. Silica gel column chromatography was
used to isolate and purify the synthesized compounds. A complex of physicochemical analysis
methods (nuclear magnetic resonance spectroscopy, chromatography, and mass spectrometry)
confirmed the structure of the compounds obtained in the work.

Results. 5-alkoxy/aryloxymethyl-1,2,4-triazole-3-carboxamides were obtained to study the
substrate specificity of genetically engineered nucleoside phosphorylases. The possibility of
obtaining new nucleoside analogs by the chemico-enzymatic method was demonstrated on the
basis of preliminary assessment results.
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Conclusions. The physicochemical characteristics of a series of novel 5-alkoxy/ aryloxymethyl-
1,2,4-triazole-3-carboxamides were studied along with their potential to act as substrates for the
transglycosylation reaction catalyzed by nucleoside phosphorylases.

Keywords: nucleoside analogs, 5-oximethyl-1,2,4-triazole-3-carboxamides, parallel synthesis,
nucleoside phosphorylase, substrate specificity
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AHHOMAQyus

Ienu. Knwuesass cmadus CuHmMe3a AaHAL0208 NPUPOOHbIX HYKAeo3udoe — obpazosaHue
2NIUKO3UOHOU C8S13U MeNHOY Y2/le800HbIM (PPAZMEHMOM U 2eMEPOUUKNULECKUM OCHOBAHUEM.
MemoOblL 2nuko3unupo8aHus pasiuuaromest no pesuo- u cmepeocenekmusHocmu. Depmer-
mamueHas. peaKyusl, Kamaausupyemas 2eHHO-UHIKEeHEePHbIMU HYKieo3udgocgopunazamu —
nepcneKxmugHblilL Memoo 8blLCOKOCNEeUUPUUHO20 CUHME3A HO8bLX (PaPMAKOI02UUECKU AKMUBHbBLX
coedurerull. [laHHOe uccie008aHUe NOCBAULEHO CUHMe3Yy bubiuomeKu aHA10208 2emepoyUuKaAU-
YecKux 0CHO8AHUL HYK1eo3udo8 — 5-oxcumemun-1,2,4-mpuaszon-3-kapboxcamuoos ok U3yUueHUs
cybcmpamHoli cneyupuuHoCcmu 2eHHO-UHIKEeHePHbLX HYKieo3udgocgopunas.

Memoobst. /{ns napanienvHoz0 CuHmesa Ho8blX 5S-ankokcu/apuniokcumemun 1,2,4-mpuasos-
3-kapbokcamudoe npumeHeH mMemood YUKAUIAYUUU AUUNAMUOPA30HO8, NOAYUAeMbLX U3 eOUHO20
cuHmemuueckozo npedwecmgeHHuka - JB-N-mpembymunoxcukapboHUN-0KCANAMUOPA3OHA.
s ebloeneHust U OUUCmMKU CUHMEe3UPO8AHHbBLX COeOUHEeHUT UCNO/Ib308AHA KOJIOHOUHASL XPOMA-
moepacgus Ha cunukazene. Cmpykmypa noayueHHsblx 8 pabome coeduHeHull noomeepicoeHa
KOMNIEKCOM Memo008 (hpU3UKO-XUMUUECKO20 AHANU3A: cheKkmpocKkonuell 10epH020 MA2HUMHO-
20 pe30HaHCA U XPomMamo-macc-cnexmpomempomempueti.

Pesynemamet. I[lonyueHvl S-ankorxcu/apunoxcumemun-1,2,4-mpuaszon-3-kapbokcamuosl
011 usyueHusi cybcmpamHoli cneyugpuuHocmu 2eHHO-UHIKEHEPHBbLX HYK1eo3udgocgopunas.
ITo pesynbmamam npedsapumenbHoll OUeHKU NOKA3GHA 803MOIKHOCMb NOAYUEHUSL U3 HUX
HO8bIX HAI0208 HYKE03UO08 XUMUKO-(hEePMEeHMAMUBHbIM MEMOOOM.

BobLeoost. /lns cepuu HO8blx 5S-ankokcu/apuniokcumemun-1,2,4-mpuason-3-kapbokcamudos
UsyueHsbl PUIUKO-XUMUUECKUEe XapaKmepucmuku, a makike Uux CnocobHoCcmb eblcmynamb
8 poau cybcmpamog peaKyuu MmMpAaHCeAUKOSUNUPOBAHUS, KAMAAUIUPYEMOU HYKIeo3Uo-
gocopunazamu.
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Knroueevle cnosea:

aHanoeu HYyK1eos3uoos, S-okcumemun-1,2,4-mpuason-3-kapboxcamuobt,

napasnenbHlil cuHmes, Hykieo3udgocgopunassl, cybcmpamHas cneyuguuHoOCMb.

s yumuposanusn: ITpedenkuna JLE., TlpytkoB A.H., Marees A.B., Uyaunos M.B. Cunte3 S-okcumeruii-

1,2,4-Tpua3zoin-3-kapOOKCaMHUIOB. Tonxue
org/10.32362/2410-6593-2022-17-4-311-322

INTRODUCTION

The work of many research groups in the
field of medical chemistry, molecular biology
and biotechnology is focused on the study of the
biological properties of nucleoside analogs (NA)
[1-4]. These compounds are mainly used for antiviral
[5-10], anticancer drug [2, 11-13] and antibiotic
[3, 14-15] purposes. Various approaches and their
combinations used in the design of biologically
active nucleoside preparations include modification
of both the carbohydrate fragment of the molecule
and the aglycone [2, 16—19]. At the same time,
most nucleoside analogs that exhibit biological
activity retain the B-N-glycoside bond of natural
nucleosides.

To date, the need for drugs based on modified
nucleoside analogs is mainly being met using
effective chemical synthesis protocols. However,
the chemico-enzymatic method of glycosylation of
heterocyclic bases using recombinant enzymes is
also a promising alternative approach to implementing
the creation of a B-N-glycoside bond, comprising
one of the key stages of nucleoside production [20].
The variety of nucleoside analogs obtained via
classical chemical synthesis is limited by the stereo-
and regioselectivity of glycosylation strategies, as
well as the stability of intermediates during chemical
transformations. The chemico-enzymatic method,
conversely, is strictly stereo- and regiospecific, but
the variety of target compounds obtained by this
pathway is limited by the substrate specificity of the
enzyme used.

Genetically engineered bacterial nucleoside
phosphorylases (NP) of the pentosyltransferase
group (CF 2.4.2) are often used for the chemico-
enzymatic production of nucleoside analogs [21-23].
These enzymes catalyze several reactions: the
synthesis of nucleotides and their phosphorolysis,
as well as the transfer of a carbohydrate fragment

XxumudecKkue
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of nucleosides to heterocyclic bases
(transglycosylation reaction). Due to their rather
low substrate specificity, they are suitable for
use in the synthesis of a number of drugs [24-28].
Chemico-enzymatic  transglycosylation becomes
a convenient tool for obtaining new nucleoside
analogs with modified heterocyclic bases and
different carbohydrate fragments on account
of the low selectivity of bacterial nucleoside
phosphorylases [28-31]. In order to study the
potential of nucleoside phosphorylases as a
research and technological tool, an important task
is the synthesis of heterocyclic bases of nucleoside
analogs—potential substrates of these enzymes. In
particular, derivatives of 1,2,4-triazole-3-carboxamide
can form substrates for the biotechnological
production of analogs of the antiviral drug ribavirin
(1-B-D-ribofuranosyl-1,2,4-triazole-3-carboxamide,
virazole). In the present study, we developed a
synthetic approach and obtained a series of 5-alkoxy/
aryloxymethyl-1,2,4-triazole-3-carboxamides,
substrates for the chemico-enzymatic synthesis of
new ribavirin analogs.

RESULTS AND DISCUSSION

Although isosteric to purine bases 1,2,4-triazole-
3-carboxamide is an excellent substrate of genetically
engineered purine nucleoside phosphorylases (PNP)
and uridine phosphorylases (UrP), the introduction
of substituents in the 5 position of the 1,2,4-triazole
ring significantly affects the ability of such derivatives
to react with enzymatic transglycosylation. Studies
of the substrate properties of heterocyclic bases
synthesized in our laboratory, which were carried
out in the Laboratory of Biotechnology of the
Shemyakin and Ovchinnikov Institute of Bioorganic
Chemistry, Russian Academy of Sciences (IBCh RAS),
initially led us to believe that steric difficulties in
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the active center of NP limit substrate properties
with an increase in the size of the substituent.
With the exception of 5-methyl-1,2,4-triazole-3-
carboxamide, 1,2,4-triazole-3-carboxamides containing
a halogen, a nitro group, a hydroxyl, or simple alkyl
substituents at position 5 were not found to be
suitable for use as substrates for NP [32]. However,
recently obtained results have contradicted this
point of view. Some of the compounds synthesized
by us, which contained an oxymethyl fragment
at the 5 position of the 1,2,4-triazole ring,
unexpectedly  entered into an  enzymatic
transglycosylation reaction. In order to establish
the limits of the substrate specificity of NP with
respect to homologs of 5-oxymethyl-1,2,4-triazole-
3-carboxamide, we synthesized a library of
derivatives of 1,2,4-triazole-3-carboxamide 6a-i
with alkoxymethyl substituents increasing
along the length of the carbon backbone, up to
n-decyloxymethyl, as well as bulk 5-isopropoxy-,
5-phenoxy-, and 5-benzyloxymethyl substituents.
The main methods of synthesis of 1,2,4-triazole-
3-carboxylic acid derivatives are based on the
cyclization of amidrazones [17-20]. In order to
obtain a homologous library of derivatives of
5-substituted 1,2,4-triazole-3-carboxamide,  we
considered two previously developed methods
(Scheme 1). Although the first [33] can be used to
synthesize a number of compounds in parallel from
a single precursor of B-N-Boc-oxalamidrazone (a),
(where Boc is the fert—butyloxycarbonyl protective
group), it has the disadvantage of relatively low
yields of target compounds. Conversely, while
the second method [34] produces high yields of
5-substituted 1,2,4-triazole-3-carboxylic  acids,
it requires the production of individual synthetic
precursors for each target compound, thus
increasing the time of the experiment [35]. Therefore,
in order to solve the problem of combinatorial

synthesis, we chose a parallel method for obtaining
derivatives of 1,2,4-triazole-3-carboxylic acids c¢
(method I in Scheme 1).

A single synthetic precursor of [-N-Boc-
oxalamidrazone (3) was obtained by the interaction
of thiooxamic acid ethyl ester (2) with Boc-hydrazine
(1) (Scheme 2).

Ethyl esters of 5-alkoxy/aryloxymethyl-1,2,4-
triazole-3-carboxylic acids Sa-h were obtained by
acylation of amidrazone 3 with 4a-h hydroxyacetic
acids chlorides followed by cyclization in pyridine
at a boiling point (115°C). Further, the 5a-h esters
were converted into the corresponding 6a-h amides
by treatment with an aqueous-methanolic solution of
ammonia (Scheme 3).

Compound 6j was also prepared according to
the above procedure. However, it was difficult to
isolate the ethyl ether of 5-acetoxymethyl-1,2,4-
triazole-3-carboxylic acid 5i following cyclization in
this case since the labile acetyl group was partially
hydrolyzed during the treatment of the reaction
mixture. A mixture of ethyl esters of 5-acetoxymethyl-
5i and 5-hydroxymethyl-1,2,4-triazole-3-carboxylic
acid 5j was received. This mixture was treated with an
ammonia solution, resulting in the complete removal
of the acetyl group to obtain amide 6j (Scheme 4).

The structure and purity of all final and
intermediate compounds are proved by methods 'H
and C nuclear magnetic resonance (NMR)
spectroscopy and high-performance liquid
chromatography (HPLC) with a mass spectrometric
(MS) detector, the outputs are shown in Table 1.

The primary results of a preliminary study of
the substrate specificity of NP in relation to
synthesized amides 6a-h, 6j carried out in the
Laboratory of Biotechnology of the IBCh RAS by
the previously described method [32] are given in Table 2.

As can be seen from the data, the chemico-
enzymatic method can be wused to obtain

0]

N

HN _ Method |
’?\—COOEt
BocHN—NH
a
HN
}—COOEt
HN_NH Method Il

R«ob

¢ R /N/ COOEt
Toluene, Py :&—R/
(o3

90°C, 12 h

R = alkyl, aryl

Scheme 1. 5-Substituted 1,2,4-triazole-3-carboxamide derivatives main synthesis methods
(Boc is fert-butyloxycarbonyl; Et is ethyl; Py is pyridine).
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Scheme 2. Synthesis of ethyl f-N-Boc-oxalamidrazone (Boc is fert-butyloxycarbonyl; Et is ethyl).
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Scheme 3. Synthesis of 5-alkoxy/aryloxymethyl-1,2,4-triazole-3-carboxamides 6a-h (Et is ethyl; Py is pyridine).

H4C Py
3+ OCH,COCl —————»
115°C,20 h
7 HsC

N__COOEt
HO/\% @/ NH
HN— 3
_ _—

CONH
HO/\( R/ 2

H,0/CH3OH 6]

)\o /\( R/COOEt

Scheme 4. Synthesis of 5-hydroxymethyl-1,2,4-triazole-3-carboxamide 6j (Et is ethyl; Py is pyridine).

deoxyribosides from almost the entire range of
synthesized compounds 6a-h, 6j (Schemes 3 and 4).
Conversely, it seems to be impossible to obtain
ribosides  of  5-hydroxymethyl-1,2,4-triazole-3-
carboxamides using this method.

EXPERIMENTAL

The solvents used in the work were purified
by standard methods, with absolution being
carried out in the usual way [32]. The reactions were
monitored using thin-layer chromatography (TLC)
on PTSH-AF-A—ultra violet (UV) plates (aluminum
base; fractionated silica gel particle size is 5—17 pum;
sorbent layer thickness is 90-120 pum; phosphor is
254 nm) (Sorbfil, Russia). The substances were
visualized in UV light at 254 nm; phosphoric-
molybdenum acid, ninhydrin, and iodine were

additionally used. Kiselgel 60 A (0.040-0.063 mm)
silica gel (Merck, Germany) was used for column
chromatography.

'"H and *C NMR spectra were recorded on a
DPX-300 instrument (Bruker, Germany) with a
resonant frequency for protons of 'H = 300 MHz,
BC = 75 MHz. Notation in 'H NMR spectra as
follows: s is a singlet, d is a doublet, dd is a
doublet of doublets, t is a triplet, q is a quartet, m is
a multiplet, w is a widened signal. Chromatography-mass
spectrometry studies were performed on the
LCMS-2020 device (Shimadzu, Japan) on the
Luna CI18 column (Phenomenex, USA) in gradient
mode with electrospray ionization (150 x 4.6 mm,
particle size is 3 pum, pore size is 100 A. Mobile
phases: A is 0.1% formic acid solution in water,
B is acetonitrile. Gradient: up to 0.5 min—5% V,
from 0.5 to 10.5 min—from 5 to 100% V, from 10.5 to
12 min—100% V, from 12 to 14 min—from 100% to
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Table 1. Yields of synthesized compounds

Compound 5a 5b 5c 5d Se 5f 5¢g 5h 5i+5j
Yield, % 57 22 45 36 31 14 63 59 -
Compound 6a 6b 6¢ 6d 6e 6f 6g 6h 6j
Yield, % 64 84 21 50 60 33 89 77 79

Table 2. Specificity of uridine phosphorylase towards 5-alkoxy/aryloxymethyl-1,2,4-triazole-3-carboxamides 6a-h, 6j

N
CONH
Enzyme, HO /\g/ R/ 2
posphate Enzyme 5 RO _
(0]

o o N__CONH
Nuc - = O—IB—O +RO/\H§ @/ 24— I
H X d) -
H
H X

Nuc = Inosine, Deoxyuridine Enzyme = PNP/UP E.Coli X = OH(PNP); H(UP)

8 9

No. R PNP (0] 4
6a Me - +
6b n-Pr - +
6¢ n-Bu - +
6d n-C, H,, — _
6e ~CH,CH,0Me - .
6f i-Pr - +
6g Ph - —
6h Bn - +
6j H + +

Note: Minus sign indicates, that products of the enzymatic reaction 8 and 9 were not detected in the reaction mass by the
HPLC—-MS method. Plus sing indicates, that the products of the enzymatic reaction 8 and 9 were found in the reaction mass by
the HPLC—MS method. PNP is purine nucleoside phosphorylase; UP is uridine phosphorylase; Me is methyl; n-Pr is n-propyl;
n-Bu is n-butyl; i-Pr is isopropyl; Ph is phenyl; Bn is benzyl; H is hydrogen; Nuc is inosine, deoxyuridine; E. coli is
Escherichia coli.
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5% V. The volume of the injected sample is 2—10 pL.
Mass spectra were recorded in the positive ion mode
(range from 160 to 2000 Da). Parameters of the
ionization source: heater temperature is 40°C,
capillary temperature is 25°C, desiccant gas flow is
15 L/min, spray gas is 1.5 L/min, ionization voltage is 4.5 kV).

Ethyl-B-N-Boc-oxalamidrazone (3)

A mixture of 18.23 g (137 mmol) of thiooxamic
acid ethyl ether 2 and 18.10 g (137 mmol) of Boc-
hydrazine 1 was dissolved in 80 mL of ethyl
alcohol. The reaction mixture was stirred for 24 h.
The resulting precipitate was filtered, washed with
10 mL of ethyl alcohol and dried in air. Product yield:
28.25 g (89%), T, = 178-180°C.

'H NMR  spectrum  (dimethyl  sulfoxide
(DMSO)-d)), 3, ppm: 1.23 (3H, t, J = 7.14 Hz,
CH,CH,); 1.43 (9H, s, C(CH,),); 4.19 (2H, q, /= T7.14
Hz, CH,CH,); 6.21 (2H, s, NHNH); 9.22 (1H, s, NH).
“C NMR spectrum (DMSO-d,), 6, ppm: 13.90; 28.01;
61.31;79.12;136.70; 152.51; 162.09. For CH ,N.O

187 374

m/z [M+H]"* calculated: 232.13; found: 232.12.

General procedure for synthesis of ethyl esters
of 5-alkoxy/aryloxymethyl-1,2,4-triazole-
3-carboxylic acids 5a-j

Carboxylic acid chlorohydride (2.15 eq.)
was added drop-by-drop to a suspension of 1 eq.
of ethyl-B-N-Boc-oxalamidrazone 3 in absolute
pyridine when cooled to 0°C. The reaction mass
was heated to boiling point and stirred for 20 h.
After the end of the reaction (reaction controlled by
TLC; chloroform-methanol 5% system), the solvent
was removed on a vacuum rotary evaporator. A | M
aqueous HCI solution was added to the residue
and extracted 3 times with ethyl acetate in equal
portions. The organic phases were combined and
dried Na,SO,, the solvent was removed on a vacuum
rotary evaporator. The product was isolated using
column chromatography on silica gel, the chloroform
eluent was methanol (with a methanol gradient from
0 to 7%).

Ethyl ether of 5-(methoxymethyl)-1,2,4-triazole-
3-carboxylic acid (5a)

1.00 g (4.32 mmol) of ethyl-B-N-Boc-oxa-
lamidrazone 3, 10 mL of absolute pyridine, 0.85 mL
(9.31 mmol) of methoxyacetic acid chlorangidride.
R.=0.58. Product yield: 0.46 g (57%).

'H NMR spectrum (CDCl,), 8, ppm: 1.40 (3H, t,
J =17.14 Hz, CH,CH,); 3.47 (3H, s, CH,OCH,); 4.46
(2H, q,J=7.14Hz, CH,CH,); 4.72 (2H, s, CH,OCH,).
P"C NMR spectrum (CDCL,), 6, ppm: 13.91; 58.86;

61.96; 65.69; 153.24; 156.19; 159.52. For C.H, N,O

11" 373

m/z [M+H]" calculated: 186.19; found: 186.17.

Ethyl ether of 5-(ethoxymethyl)-1,2,4-triazole-
3-carboxylic acid (Sb)

1.00 g (4.3 mmol) ethyl-B-N-Boc-oxalamid-
razone 3, 10 mL of absolute pyridine, 1.11 g
(9.3 mmol) ethoxyacetic acid chlorangidride.
R.=0.55. Product yield: 0.19 g (22%).

'H NMR spectrum (CDCL), 6, ppm: 1.16
(3H, t, J = 7.00 Hz, CH,0-CH,CH,); 1.35 (3H, t,
J=17.14Hz, COO-CH,CH,); 3.59 (2H, q,J=7.01 Hz,
CH,0-CH,CH,); 4.42 (2H, q, /= 7.14 Hz, CH,CH,);
4.73 (2H, s, CH,O-CH,CH,). "C NMR spectrum
(CDCl,), 6, ppm: 14.09; 14.84; 62.08; 64.13; 67.08;
153.92; 156.57; 159.65. For C.H ,N,O,, m/z [M+H]"

1377373

calculated: 200.22; found: 200.20.

Ethyl ether of 5-(n-butoxymethyl)-1,2,4-triazole-
3-carboxylic acid (5¢)

1.16 g (5 mmol) of ethyl-B-N-Boc-oxalamid-
razone 3, 10 mL of absolute pyridine, 1.61 g
(13 mmol) of n-butoxyacetic acid chlorangidride.
R.=0.45. Product yield: 0.51 g (45%).

'H NMR spectrum (CDCI,), 6, ppm: 0.90 (3H,
t, J = 7.32 Hz, O(CH,),-CH,); 1.30-1.43 (2H,
m, O(CH,),-CH, CH,); 1.41 (3H, t, J = 7.14 Hz,
CO-CH,CH,); 1.54-1.64 (2H, m, OCN,CH,CH,CH,);
3.58 (2H, t, J = 6.63 Hz, O-CH(CH,),CH,); 4.46
(2H, q, J = 7.14 Hz, CO-CH,CH,); 4.73 (2H, s,
CH,(CH,),0CH,-). “C NMR spectrum (CDCL,),
o, ppm: 13.80; 14.20; 19.11; 29.66; 31.44; 62.13;
64.71;71.74;154.10; 156.77; 159.60. For C, H,_N.O

1777373

m/z [M+H]" calculated: 228.27; found: 228.26.

Ethyl ether of 5-(n-decyloxymethyl)-
1,2,4-triazole-3-carboxylic acid (5d)

0.40 g (1.7 mmol) ethyl-B-N-Boc-oxalamid-
razone 3, 10 mL of absolute pyridine, 0.84 g
(3.6 mmol) decyloxyacetic acid chlorangidride.
R.=0.62. Product yield: 0.19 g (36%).

'H NMR  specrtum (CDCL), 8, ppm:
0.83-0.87 (3H, m, CH,CH,-CH,); 1.23
(14H, s, OCH,CH,~(CH,).CH,); 1.40 (3H, ¢,
J = 7.14 Hz, COOCH,-CH,); 1.54-1.63 (2H, m,
OCH,-CH,(CH,),CH,); 3.56 (2H, t, J = 6.72 Hz,
0-CH,(CH,),CH,);4.46(2H,q,/=7.14Hz,COO-CH,CH,);
4.73 (2H, s, CH,(CH,),0CH,-). "C NMR spectrum,
(CDCl,), 6, ppm: 29.27; 29.37; 29.40; 29.52; 29.51;
14.08; 14.18; 22.63; 25.91; 31.84; 62.14; 64.62;
65.33; 67.78; 72.05; 126.98; 127.65; 128.53; 153.96;
156.71; 159.58. For C, H N.O., m/z [M+H]" calculated:

167729 "33

312.43; found: 312.41.
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Ethyl ether 5-[1-(2-methoxy)ethoxymethyl]-
1,2,4-triazole-3-carboxylic acid (Se)

1.00 g (4.3 mmol) of ethyl-B-N-Boc-oxalamid-
razone 3, 10 mL of absolute pyridine, 1.40 g
(9.3 mmol) of 1-(2-methoxy) ethoxyacetic acid
chlorohydride. R, = 0.47. Product yield: 0.30 g (31%).

'H NMR spectrum (CDCL,), 6, ppm: 1.39 (3H,
t,J=7.11 Hz, COO-CH,CH,); 3.45 (3H, s, CH,O-CH,);
3.60-3.63 (2H, m, CH,-CHOCH,); 3.76-3.79
(2H, m, O-CH,CH,0CH,); 4.45 (2H, q, J = 7.14 Hz,
COO-CH,CH,); 4.82 (2H, s, -CH ,OCH,CH,OCH,).
“C NMR spectrum (CDCL), 8, ppm: 14.19; 59.01;
61.91; 65.42; 70.74; 71.82; 154.86; 156.51; 159.83.
For C/H N.,O,, m/z [M+H]" calculated: 230.24;
found: 230.22.

Ethyl ether of 5-(isopropyloxymethyl)-
1,2,4-triazole-3-carboxylic acid (5f)

6.74 g (27 mmol) ethyl-B-N-Boc-oxalamid-
razone 3, 15 mL of absolute pyridine, 7.74 g
(57 mmol) isopropyloxyacetic acid chlorangidride.
R.=0.45. Product yield: 0.78 g (14%).

'H NMR spectrum (CDCL,), 8, ppm: 1.22 (6H, d,
J=6.17 Hz (CH,),CHO-); 1.42 3H, t, J = 7.14 Hz,
COO-CH,CH,); 3.73-3.81 (IH, m, (CH,),~CHOCH,);
4.47 (2H, q, J = 7.12 Hz, COO-CH,CH,); 4.74 (2H,
s, (CH,),CHO-CH,)). “"C NMR spectrum (CDCL,),
S, ppm: 14.19; 21.84; 62.09; 62.23; 73.03; 154.26;
156.95; 159.69. For C,H N,O,, m/z [M+H]"

167373

calculated: 214.24; found: 214.21.

Ethyl ether of 5-(phenoxymethyl)-1,2,4-triazole-
3-carboxylic acid (5g)

1.19 g (5.15 mmol) ethyl-B-N-Boc-oxalamid-
razone 3, 10 mL of absolute pyridine, 1.88 g
(11.02 mmol) phenoxyacetic acid chlorangidride.
R, =0.46. Product yield: 0.80 g (63%).

'H NMR spectrum (CDCl,), 3, ppm: 1.34 (3H,
t, J = 7.14 Hz, CH,Et); 4.38 (2H, q, J = 7.14 Hz,
CH,EY); 5.29 (2H, s, 5-CH,); 6.88 (2H, d, J = 8.19 Hz,
2-CH, and 6-CH Ph); 6.97 (1H, t, J = 7.39 Hz,
4-CHPh);7.25(2H,t,J=7.98 Hz, 3-CH, and 5-CHPh).
“C NMR spectrum (CDCL,), 3, ppm: 14.03; 61.98;
62.31; 114.46; 121.90; 129.62; 153.42; 155.78;
157.41; 159.47. For C H N,O,, m/z [M+H]"

1477373

calculated: 248.26; found: 248.24.

Ethyl ether 5-[(benzyloxy)methyl]-1,2,4-triazole-
3-carboxylic acid (5h)
16.00 g (69 mmol) of ethyl-B-N-Boc-oxalamid-
razone 3, 30 mL of absolute pyridine, 23.50 mL

(149 mmol) of benzyloxyacetic acid chlorangidride.
R.=0.63. Product yield: 10.71 g (59%).

'H NMR spectrum (CDCl,), 8, ppm: 1.40 (3H, t,
J=7.14 Hz, CH,Et); 4.45 (2H, q, /= 7.1 Hz, CH,Et);
4.61 (2H, s, 5-CH,); 4.77 (2H, s, CH,Bn); 7.28-7.36
(5H, m, CHBn). "C NMR spectrum (CDCL,), 8, ppm:
14.15; 62.13; 62.35; 72.35; 128.00; 128.25; 128.56;
136.57; 153.79; 156.45; 159.54. For C ,H N.O,, m/z

16 373

[M+H]" calculated: 262.29; found: 262.27.

Ethyl ether of 5-(acetoxymethyl)-
1,2,4-triazole-3-carboxylic acid (5i)
and ethyl ether of 5-(hydroxymethyl)-
1,2,4-triazole-3-carboxylic acid (5j)

1.00 g (4.32 mmol) of ethyl-B-N-Boc-oxalamid-
razone 3, 10 mL of absolute pyridine, 1.00 mL
(9.29 mmol) of acetoxyacetic acid chlorangidride.
R. = 0.65 (main product); R, = 0.55 (byproduct).
0.52 g of a mixture of esters of 5-acetoxymethyl-
(main product) and 5-hydroxymethyl-1,2,4-triazole-
3-carboxylic acid (byproduct) was isolated, which
was used at the next stage without additional
separation.

'H NMR spectrum (CDCl,), 8, ppm: 1.37 (3H, t,
J = 7.3 Hz, CH,Et, impurity); 1.38 (3H, ¢,
J = 7.13 Hz, CH,Et, main product); 2.09 (3H, s,
CH, acetyl group, main product); 4.44 (2H, q,
J = 7.16 Hz, CH,Et, main product); 4.45 (2H, q,
J =7.16 Hz, CH,Et, impurity); 4.65 (2H, s, 5-CH,,
impurity); 5.32 (2H, s, 5-CH,, main product).

"C NMR spectrum (CDCL), 8, ppm: 13.98
(CH,Et, impurity); 14.03 (CH,Et, main product);
20.48 (CH, acetyl group, main product); 57.54
(5-CH,, main product); 60.54 (5-CH,, impurity);
62.41 (CH,Et, main product); 62.70 (CH,Et,
impurity); 151.61 (C3, impurity); 152.36 (C3, main
product); 155.44 (C°, impurity); 155.44 (C5, main
product); 158.16 (3-COO, impurity); 158.94 (3-COO,
main product); 170.88 (COO of the acetyl group,
main product).

General procedure for obtaining amides
of 5-alkoxy/aryloxymethyl-1,2,4-triazole-
3-carboxylic acids 6a-h, 6j

Ethyl ether of 5-hydroxymethyl-1,2,4-triazole-
3-carboxylic acid 5a-i was dissolved in 1.50 mL of
10 M methanol ammonia solution and heated to
boiling point in a reflux flask with 0.50 mL of
14 M aqueous ammonia solution being added
every 12 h. At the end of the reaction (complete
conversion of ether, TLC control, eluent of 5%
methanol in chloroform), the solvent was removed
on a vacuum rotary evaporator. The product was
suspended in anhydrous acetone, filtered and
dried in a desiccator at reduced pressure above
NaOH for 12 h.
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Amide of 5-(methoxymethyl)-1,2,4-triazole-
3-carboxylic acid (6a)

0.52 g (2.81 mmol) of 5-(methoxymethyl)-
1,2,4-triazole-3-carboxylic acid ethyl ether, reaction
time 72 h. Product yield: 280 mg (64%).

'H NMR spectrum (DMSO-d,), 6, ppm: 3.30 (3H,
s, CH, MeO); 4.49 (2H, s, 5-CH,); 7.71 and 8.01 (2H,
2s, NH,).”C NMR spectrum (DMSO-d,), 3, ppm:
57.96; 65.82; 153.38; 157.41; 159.60. For C.HN,O

9" 472

m/z [M+H]" calculated: 157.15; found: 157.13.

Amide of 5-ethoxymethyl-1,2,4-triazole-
3-carboxylic acid (6b)

70 mg (3.5 mmol) ethyl ether of 5-(ethoxymethyl)-
1,2 4-triazole-3-carboxylic acid, reaction time 48 h.
Product yield: 50 mg (84%). Tm'p. =161-163°C.

'H NMR spectrum (DMSO-d,), 3, ppm: 1.12
(3H, t, J = 698 Hz, -CH,CH,); 3.51 (2H, q,
J = 6.98 Hz, CH,CH,); 4.5 (2H, s, -O-CH,); 7.69
and 7.99 (2H, 2s, CONH,)). “"C NMR spectrum
(DMSO-d,), 6, ppm: 14.94; 63.89; 65.52; 153.40;
157.58; 159.61. For CH NO, m/z [M+H]"

11" 7472°

calculated: 171.18; found: 171.15.

Amide of 5-(butoxymethyl)-1,2,4-triazole-
3-carboxylic acid (6¢)

215 mg (0.8 mmol) ethyl ether of 5-(butoxymethyl)-
1,2,4-triazole-3-carboxylic acid, reaction time 48 h.
Product yield: 40 mg (21%). T = 125°C (partially),
135-136°C (completely).

'H NMR spectrum (DMSO-d,), 6, ppm: 0.84
(3H, t, J = 6.47 Hz, CH,~CH,); 1.25-1.50 (4H, m,
CH,-CN,CH,CH,); 3.44 (2H, t, J= 5.99 Hz, -CH 0);
4.34 and 4.5 (2H, s, OCH,-); 7.68 and 7.99 (2H, 2s,
CONH,). *C NMR spectrum (DMSO-d,), 8, ppm:
13.74; 18.74; 31.10; 31.25; 64.08; 65.30; 69.25;
69.81; 153.40; 155.12; 157.54; 159.62; 160.04. For
CH N,O,, m/z [M+H]" calculated: 199.23; found:

157 472

199.20.

Amide of 5-(decyloxymethyl)-1,2,4-triazole-
3-carboxylic acid (6d)

110 mg (0.4 mmol) ethyl ether of 5-(decyloxymethyl)-
1,2,4-triazole-3-carboxylic acid, 48 h. Product yield:
50 mg (50%). T, = 140°C (partially), 153-155°C
(completely).

'H NMR spectrum (DMSO-d,), 6, ppm: 0.84
(3H, t, J = 6.24 Hz, (CH,),—CH,); 1.22 (14H, s,
CH,~(CH,),CH,); 1.49 (2H, m, —-CH,CH,0); 3.43
(2H, t, J = 6.52 Hz, -CH, 0); 4.49 (2H, s, O-CH,);
7.69 and 7.99 (2H, 2s, CONH,). "C NMR spectrum
(DMSO-d)), 6, ppm: 13.97; 22.11; 25.55; 28.71;
28.84; 29.02; 31.30; 64.10; 70.13; 153.32; 157.61;

159.57. For C H _N,O

147727 74722

283.39; found: 283.37.

m/z [M+H]" calculated:

Amide of 5-(1-(2-methoxy) ethoxymethyl)-
1,2,4-triazole-3-carboxylic acid (6e)

250 mg (0.8 mmol) of 5-(1-(2-methoxy) ethyl
etherethoxymethyl)-1,2,4-triazole-3-carboxylic acid,
reaction time 48 h. Product yield: 150 mg (60%).
T, =109-112°C.

'H NMR spectrum (DMSO-d,), 8, ppm: 3.22
(3H, d, O-CH,); 3.43-3.46 (2H, m, O-CH,CH,);
3.57-3.60 (2H, m, OCH,~CH,); 4.54 (2H, d, OCH -);
7.70 and 8.01 (2H, 2d, CONH,).”C NMR spectrum
(DMSO-d,), 3, ppm: 58.07, 64.38; 69.35; 71.09;
153.25; 157.55; 159.53. For C_.H N, O,, m/z [M+H]*

7137 473

calculated: 201.20; found: 201.17.

Amide of 5-isopropyloxymethyl-1,2,4-triazole-
3-carboxylic acid (6f)

310 mg (1.5 mmol) of S-(isopropyloxymethyl)-
1,2,4-triazole-3-carboxylic acid ethyl ether, reaction
time 48 h. Product yield: 90 mg (33%). T mp, — 160-161°C,
T, = 144°C.

'H NMR spectrum (DMSO-d,), 8, ppm: 1.11
(6H, d, J = 6.08 Hz, (CH,)-CH,); 3.63-3.73 (1H, m,
(CH,)-CH,-0); 4.50 (2H, s, -O—CH,); 7.66 and 7.96
(2H, s, CONH,). “"C NMR spectrum (DMSO-d,),
o, ppm: 21.85; 61.52; 70.96; 153.50; 157.80; 159.67.
For CH N,O, m/z [M+H]" calculated: 185.20;

7713

found: 185.19.

Amide of 5-(phenoxymethyl)-1,2,4-triazole-
3-carboxylic acid (6g)

400 mg (1.62 mmol) ethyl ether of 5-(phenoxymethyl)-
1,2,4-triazole-3-carboxylic acid, reaction time 96 h.
Product yield: 310 mg (89%).

'H NMR spectrum (DMSO-d,), 8, ppm: 5.16
(2H, s, 5-CH,); 6.96 (1H, t, J = 7.30 Hz, 4CH, Ph);
7.04 (2H, d, J = 8.00 Hz, 2CH and 6CH, Ph); 7.30
(2H, t, J = 7.91 Hz, 3CH, and 5CH, Ph); 7.79 and
8.10 (2H, 2s, NH,). "C NMR spectrum (DMSO-d,),
o, ppm: 62.17; 114.68; 121.16; 129.57; 152.69;
157.34; 157.89; 159.08. For C, H, N O, m/z [M+H]*

107711 472

calculated: 219.22; found: 219.20.

Amide 5-[(benzyloxy)methyl]-1,2,4-triazole-
3-carboxylic acid (6h)

350 mg (2.45 mmol) of 5-[(benzyloxy)-
ethyl ethermethyl]-1,2,4-triazole-3-carboxylic acid,
reaction time 72 h. Product yield: 240 mg (77%).

'H NMR spectrum (DMSO-d,), 8, ppm: 4.57
(2H, s, 5-CH,); 4.60 (2H, s, CH,Bn); 7.28-7.37 (5H,
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m, CHBn); 7.72 and 8.02 (2H, 2s, NH,). "C NMR
spectrum (DMSO-d,), 3, ppm: 63.68; 71.75; 127.63;
127.77; 128.28; 137.74; 153.21; 157.50; 159.48. For
C ,H N,O,, m/z [M+H]" calculated: 233.25; found:

13774722

233.22.

Amide of 5-hydroxymethyl-1,2,4-triazole-
3-carboxylic acid (6j)

0.52 g (2.44 mmol) mixtures of ethyl esters
of 5-acetoxymethyl- and 5-hydroxymethyl-1,2,4-
triazole-3-carboxylic acid, reaction time 72 h.
Product yield: 270 mg (77%).

'H NMR spectrum (DMSO-d,), 8, ppm: 4.55
(2H, s, 5-CH,); 7.49 and 7.76 (2H, 2s, NH,).
“C NMR spectrum (DMSO-d,), &, ppm: 55.98;
154.83; 159.70; 160.69. For C,H N, O,, m/z [M+H]"

7472

calculated: 143.12; found: 143.09.

CONCLUSIONS

By applying the method of parallel synthesis
to the solution of the problem of obtaining
5-substituted 1,2,4-triazole-3-carboxamides, it
was possible to expand the range of their synthetic
availability. The physicochemical characteristics of
the obtained series of new 5-alkoxy/aryloxymethyl-
1,2,4-triazole-3-carboxamides were studied.
In addition, the demonstrated possibility for
these compounds to be used as substrates of a
transglycosylation reaction catalyzed by genetically
engineered nucleoside phosphorylases allowing
the synthesis new potentially pharmacologically
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Abstract

Objectives. Alkylated derivatives of polyamines are able to block the growth of cancer cells
due to their embedding into the polyamine biosynthesis mechanisms. The study aimed to
synthesize lipophilic derivatives of norspermine or triethylenetetramine based on the formation
of a C-N bond during the opening of the oxirane ring by primary amines to expand a number of
synthetic polyamine derivatives with antitumor activity.

Methods. The starting compounds—glycidol alcoholate or epichlorohydrin—were reacted with
hexadecyl bromide or sodium hexadecanolate to give glycidyl hexadecyl ether. The key reaction for
the preparation of lipophilic polyamines was the amination of lipophilic epoxides with polyamines
in the presence of calcium triflate. Acylation of the hydroxyl group formed during the opening
of oxirane was carried out by the action of 4-dimethylaminopyridine and acetic anhydride. The
introduction of an alkyl substituent in the presence of sodium hydride led to intramolecular
cyclization with the formation of an oxoazolidine cycle. The regioselectivity of the oxirane ring
opening reaction at the C(1) position of glycerol was confirmed by two-dimensional heteronuclear
{1H,3C} nuclear magnetic resonance spectroscopy.
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Results. An approach to the synthesis of novel lipophilic polyamines based on the catalytic
amination of epoxides was developed and tested. Compounds based on norspermine and
triethylentetramine containing a hydroxyl group at the C(2) atom of the glycerin backbone were
obtained. For norspermine derivatives, the hydroxyl group was modified: an acetyl substituent
was introduced and a derivative containing an oxoazolidine cycle was obtained.

Conclusions. The obtained lipophilic polyamines can be considered as potential antitumor
agents, for which cytotoxicity against various cancer cells will be evaluated in the future.

Keywords: lipophilic polyamines, lipids, alkyl glycerolipids, oxiranes
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AHHOMaAyus

Ienu. AnkunuposaHHble NPOU3BOOHbLE NOAUAMUHOE CNOCOOHBLL HIOKUPOBAME POCM PAKOBLIX
K/lemoK 3a cuem ecmpausaHust 8 MexaHusmsl buocunmesa noauamuros. Llens uccnedosarus
— CUHMe3Upo8amb HO8ble AUNOPUIbHbBLE NPOU3BOOHLLE HOPCNEPMUHA UAU MPUIMUIeHMempPa-
MUHA, OCHOBAHHblE HA hopmuposaruu ceszu C-N npu packpuimuu 0KCUpaHo8020 KObUA nep-
BUUHBIMU AMUHAMU, OISt PACULUPEHUSL PSIOG CUHMEMUUECKUX NPOU3B00HbBLX NOAUAMUHO8, 0010~
oarouux NpPomMuUBooONYxXo1esoti aKmueHOCmbio.

Memooust. HcxooHble coeOUHEeHUSL — AK020AM 2AUYUOONAA USU INUXAOP2UOPUH — 880U 80
83aumoodeticmsue ¢ 2eKcadeyuniopoMuUdoM UAU 2eKCA0eYUNAMOM HAMPUSL, NOAYUAs 2eKCa0eyu-
anuyuounosslil agpup. Knroueeoil peaxyuelli nonyueHUst AUNOPUALHBIX NOAUAMUHOE SI8JISIOCH
AMUHUPOBAHUE JUNOPUABLHBIX INOKCUOO8 NOAUAMUHAMU 8 Npucymcemeuu mpupaama Kaib-
yusl. AyunuposaHue 2u0pOKCUNBHOU 2pynnsl, obpasosasuielicss 8 xo0e packpblmust OKCUPAHA,
nposodunu deticmguem 4-0umMemuiamMuHonupuouUHa U YyKcycHozo aHzuopuoa. BeedeHue anku-
JUNBHO20 3amecmumenist 8 NPUcCymemeuu 2udpuda Hampust NPUBOOUNO K 8HYMPUMONEKYNSD-
HOU YUKAU3AUUU C 06pa308aHUEM OKCOA30AUOUHO8020 YuKaa. PezuocenekmusHocmes peakyuu
packpeimust okcuparogozo yurna no C(1) nonoxeHuro 2auyepuHa noomeepixoanu 08YymepHoil
2emeposidepHoli {1H,3C} cnekmpockonueti s0epH020 Ma2ZHUMHO20 PEe30HAHCA.
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Pesynomamet. Paszpabomar u anpobupos8aH nooxo0 K cuHmMesy HO8blX JUNOPUILHBLX NOSUA-
MUHO8, OCHOBAHHBLU HA KAMAAUMUUECKOM AMUHUPOBAHUE 3noKcuoos. IlonyueHbl coeduHeHust
HA OCHO8€ HOPCNEePMUHA U MPUIMUNEHMEMPAMUHA, codeprkauiie 2UOPOKCUNIbHYIO 2pynny npu
C(2) amome enuuepuHogozo ocmosa. [ns npousgooHbLX HOPCNEPMUHA NPOo8edeHA MOOUDUKAUUSL
2UOPOKCUNBHOU 2pynnbl: 88e0eH auemuslbHblil 3amecmumesib U NoAYUueHo NpousgooHoe, cooep-

JKkauiee okcoas3onuoOUHO8bLU YUKL.

Bubteoout. [TosyueHHble AUNOPUNbHBLE NOAUAMUHBL MOIKHO PACCMAMPUBAMb KAK NOMEHUUAb-
Hble NPomMueoonyxo.iegble azeHmul, 011 KOmopblx 8 dalbHeliuem 6ydem npogedeHa OUeHKA Yu-
MOMOKCUUHOCTU NPOMUE PA3TUUHBLX PAKOSbLX KAEMOK.

Knroueevle cnoea: unogpuibHsle NOAUAMUHBL, JUNUObL, AUKUIbHBLE 2/IULEPOSUNUObL, OKCUPAHbL

Jna yumupoeanua: Emryxosa-lllernosa E.A., IlepeBommkosa K.A., Emrykos-1llernmos A.B., Yemxos J[.A., Macios M.A.
AMMHHUPOBaHHE DIOKCUJIOB KaK yHOOHBII croco0 CHHTe3a JUMNO(GUILHBIX MONHAMUHOB. TOHKUe Xumuyeckue MexHONOo2Uu.
2022;17(4):323-334. https://doi.org/10.32362/2410-6593-2022-17-4-323-334

INTRODUCTION

Natural polyamines (NPs) such as spermine,
spermidine, and putrescine play an important role
in homeostasis and proliferation of eukaryotic cells;
moreover, their level in tumor cells is higher than
in normal cells [1]. Alkylated derivatives of natural
and synthetic NPs can reduce the intracellular
content of natural NPs and block the growth of
cancer cells due to incorporation into the mechanisms
of NP biosynthesis [1-4]. Conjugation of NPs
with antitumor agents leads to an increase in both
the therapeutic effect and the selectivity of the latter;
this is due to the activation of the NP transport
system in cancer cells, which require NP for rapid
proliferation [5-9].

Positively  charged derivatives of alkyl
glycerolipids are promising antitumor agents, which
are capable to inhibit the growth of cancer cells
depending on the structure of the cationic domain
[10, 11]. Earlier in order to find potential antitumor
agents, we carried out the synthesis of unsymmetrical
conjugates of NPs and alkyl glycerolipids
(Fig. 1) based on the interaction of bromo derivatives
of diglycerides with regioselectively protected
2-nitrobenzenesulfonylamide derivatives of NPs,
followed by ethylation and removal of protective
groups [12]. Dialkylated lipophilic NPs based on
norspermine and triethylenetetramine had the highest
antitumor activity, while the length of the alkyl
substituent at the C(1) atom of glycerol was found
to have no significant effect on the ability of the
compounds to induce cancer cell death.

RO
EtO

H H H H
No N N N
™, M ™
R = CygHs7, C1gHas, CiaHag, CioHas CigHay
m=4n=3 X=H,Et

m=3
m=2

n =
n =
Fig. 1. Structure of asymmetric lipophilic polyamines.

In order to expand the range of synthetic NP
derivatives offering antitumor activity, we developed
the synthesis of new conjugates of norspermine or
triethylenetetramine with glycerolipids, based on the
opening of oxiranes by primary amines. The resulting
hydroxy-containing NP derivatives can additionally be
subjected to acylation or intramolecular cyclization,
which leads to new lipophilic NP derivatives.

MATERIALS AND METHODS

We used commercial solvents and reagents
(Chimmed, Russia; Component-Reaktiv, Russia;
Sigma-Aldrich, USA; Acros-Organics, USA). Prior
to the reaction, dichloromethane (DCM) was boiled
over CaH,; methanol was boiled over magnesium
shavings; tetrahydrofuran (THF) was kept over KOH,
boiled over Na in the presence of benzophenone and
distilled; dimethylformamide (DMF) was kept over
calcined 4 A molecular sieves.
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The reaction progress was monitored by thin
layer chromatography on Silica gel 60 F,, plates
(Merck, Germany). Spots were visualized under
ultraviolet light (254 nm) or phosphomolybdic
acid-Ce(S0,), reagent followed by heating. Column
chromatography was performed on silica gel
0.040-0.063 mm Kieselgel 60 (Merck, Germany).

'"H, C nuclear magnetic resonance (NMR),
'"H,'H correlation spectroscopy (COSY), 'H,BC
heteronuclear single quantum coherence (HSQC),
and 'H,"C heteronuclear multiple bond correlation
(HMBC) spectra were recorded on DPX-300 and
Avance 11 600 pulsed Fourier transform spectrometers
(Bruker, Germany) in CDCl,, CD,0OD, or D,O.
Chemical shifts (6) are given in parts per million
with respect to the peak of the residual proton
of the solvent, spin-spin coupling constants (J) are
given in Hz. Mass spectra were recorded on an
Apex Ultra 7T Fourier-transform ion cyclotron
resonance (FT-ICR) mass spectrometer (Bruker,
Germany).

RESULTS AND DISCUSSION

The synthetic approach to the preparation of
lipophilic NPs includes several key steps: synthesis
of an alkyl glycidyl ether, opening of the oxirane
ring with amines, and modification of the hydroxyl
group at the C(2) atom of glycerol. In order to
evaluate this approach, its stepwise optimization
was initially carried out using N,N’-diaminooctane,
a structural analogue of the synthetic NP
triethylenetetramine (Scheme 1).

The synthesis of glycidyl hexadecyl ether (3)
was carried out in several ways, starting from rac-
glycidol (1) or rac-epichlorohydrin (2). Thus, rac-
glycidol (1) was treated with sodium hydride and
then reacted with hexadecyl bromide to give
compound 3 in 46% yield (Table 1).

In order to increase the yield of compound 3,
its synthesis was optimized wusing rac-
epichlorohydrin (2) as the starting compound
(see Table). Hexadecanol was converted to

OC16H33
an\/

OH o
o N8 NS NH
1 \ OCqgHss € OC1gH33 OC1gHa3 e -~ Boc . Bog:~
E EOH — EOH —
Cl y 0 H/\(")g\NHz ’Tl/\(v)g\NH OC1eHas
Boc Boc
O 3, 46-67% 4, 70%
2 ’ ’ 5,70% {\NO/\(V)G/\ZH
oC

7,79-82%

Scheme 1. Synthetic approach to obtaining lipophilic polyamines.
Reagents and conditions: « — NaH, C, H, Br, DMF, 24°C; b — C, H,,OH, NaOH or NaH, hexane, 60°C;

167733

167733

¢ —NH,(CH,),NH,, Ca(OTf),, MeCN, 24°C, d - Boc,0, Et,N, CH,Cl, 24°C or Boc,0, K,CO,, MeOH, 24°C;
e — EtBr, Na/dimethyl sulfoxide (DMSO), benzene, 24°C or EtBr, NaH, THF, 65°C.

Table. Synthesis parameters of hexadecylglycidyl ether

Terms Reagents Conditions Yield, %
a rac-glycidol (1), C, H,,.Br NaH, DMF, 24°C 46
NaH, hexane, 60°C 52
NaOH, hexane, 60°C 67
b rac-epichlorohydrin (2), C, H,,OH
NaOH, DMF, 60°C 7
NaOH, 60°C 59
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alcoholate by the action of sodium hydroxide
or hydride, which was then treated with
rac-epichlorohydrin (2). The highest yield of
compound 3 (67%) was achieved when the
reaction was carried out in hexane using sodium
hydroxide; the replacement of the solvent with
DMF led to a decrease in the yield to 7%. The
condensation of rac-epichlorohydrin (2) and
hexadecanol in the absence of a solvent yielded
59%. Replacing sodium hydroxide with hydride
in hexane gave compound 3 in 52% yield.

The noncatalytic opening of oxiranes by
amines with the formation of B-amino alcohols
is characterized by a low reaction rate and
modest regioselectivity [13]. An universal
approach to the aminolysis of epoxides is the
use of metal salts as catalysts, which increase
the electrophilicity of epoxides due to coordination

with metal atoms [13]. The use of cheap and
easy-to-prepare calcium trifluoromethanesulfonate
(triflate) allows regioselective opening of
epoxides [14]. The oxirane ring of compound 3
was opened by the action of N,N'-diaminooctane
in the presence of calcium triflate (0.5 equiv.) in
acetonitrile, which led to the formation of amino
alcohol 4 in 70% yield. The regioselectivity
of the reaction (opening of the oxirane ring at
the C(1) position of glycerol) was confirmed by
the data of two-dimensional heteronuclear
{'H,C} NMR spectroscopy (Fig. 2a) by the
presence of cross peaks corresponding to the
simultaneous interaction of protons of the
CH,O and CH groups of glycerol (A and B) and
methylene protons (C) of the NHCH,-group of
the diamine with the carbon of the CH,NH-group
of the glycerol skeleton.

CHH,NH
CH,0CH, NHCH;
CHH,NH
- M\L
AN oom
—50.5
A OCygHss3 ﬂv ) . [51.0
OH 1™ (mn
H,\|)B il VI o8
CH,NH 2 W NHy ) \‘j“‘ V
B Hy C 4 : L 520
525
T T T T T T T T T T T ——53.0
4.2 41 4.0 3.9 3.8 3.7 3.6 35 3.4 33 3.2 31 3.0 ppm
a
CH,O
CHHN OCH, NCH,
CHH,N
CH
oM ppm
[ 155.5
C=Oj F 156.0
(Boc) CigHas
(0] Hy - 156.5
Hp
K(fy s NH L 157.0
A O‘§ B Boc o
3 0 7 i psts
A
—_— W\‘
Cc=0 A —W - 158.0
Bl 1585
T T T T T T T T T T T T T T T
46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 ppm
b

Fig. 2. (a) Fragment of the 'H,"*C HMBC spectrum of compound 4, (b) fragment of the 'H,"*C HMBC spectrum
of compound 7.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(4):323-334

327



Amination of epoxides as a convenient approach for the synthesis of lipophilic polyamines

For the further introduction of an alkyl
substituent at the OH group at the C(2) atom of
the glycerol backbone, the amino groups were
protected. To this end, compound 4 was treated
with di-tert-butyl dicarbonate in the presence
of triethylamine or calcium carbonate to give
compound 5 in 78% yield. To ethylate the hydroxyl
group at the C(2) atom of glycerol, compound 5
was converted into an alcoholate by the action of
sodium hydride and treated with ethyl bromide,
with the expectation of obtaining compound 6.
However, following isolation of the reaction
product, no signals of the ethyl group protons
were detected in the "H NMR spectrum; the proton
signal at C(2) glycerol atom shifted downfield
(0 4.55-4.62 ppm). In addition to the signal of
the carbonyl carbon of the Boc group, an additional
signal appeared in the *C NMR spectrum in the
low field with a chemical shift of 157.67 ppm.
Analysis of the heteronuclear correlation spectra
{H,C}-HMBC (Fig. 2b) indicated the presence
of cross peaks characterizing the interaction of
this carbonyl carbon atom both with all protons
of the glycerol backbone (A) and with protons
of the CH,N group of the diamine (B); however,
no correlations with the Boc protection carbonyl
carbon were detected.

OC1eHas3
o
3

Based on NMR spectroscopy data collection,
we hypothesized that compound 5 in the presence
of the strong base undergoes intramolecular
cyclization via the transesterification mechanism
to form compound 7 containing an oxazolidine
ring, which was subsequently confirmed by literature
data [15] and high-resolution mass spectrometry data.

Based on model synthesis, we implemented
an approach to the synthesis of lipophilic NPs
containing free hydroxyl groups (10a and 10b) or an
acyl substituent (13) at the C(2) atom of glycerol, as
well as a derivative (15) with an oxazoline ring
(Scheme 2). Epoxide 3 was opened using a 3-fold
excess of previously obtained Boc-protected
derivatives of norspermine 8a and triethylene-
tetramine 8b [16]. The reaction was carried out in the
presence of calcium triflate in acetonitrile at 85°C.
Compounds 9a and 9b were isolated by column
chromatography in 70% and 86% yields, respectively.
Removal of the Boc-protected groups of compound
9a and 9b by the action of a 4N HCI solution in
dioxane led to the formation of lipophilic NPs 10a
and 10b with a free hydroxyl group at the C(2) atom
of the glycerol backbone.

To modify the hydrophobic domain of the
lipophilic norspermine 9a, the primary and
secondary amino groups of NPs were blocked with

C16H330 4HCI

C16H330
a HO{H I?oc I?oc b HO{H H H

+ N_ _N__N_ _NH, N_ N_ _N_ NH,
Boc Boc R v/ v/ v ©h O Oh
HN_ _N_ _N_ _NH, 9a,n=3,70% 10a, n = 3, 85%
O Oh Oh 9b, n =2, 86% 10b, n =2, 82%
8a,n=3 lc
8b,n=2
o C16M3s0 C16H330
HO Boc Boc e
N_ _N_ N_ _NH goc Boc
Ry AR v AR A NN N NH
Boc3 ® 3Boc s s \(")/3;300
11, 68% 14, 72%

| |

C16H330 C16H330
AcO H :HClH AcO Boc Boc CieHss0 3HCI
~ | |
N_ _N_ _N_ _NH, N_ _N_ _N_ _NH H H
B 23 v O v | &5 5 ) N\(\/)/N\(\/)/N\(\/)/NH2
13. 86% Boc Boc y 3 3 3
’ ° 12, 99%

15, 99%

Scheme 2. Synthetic approach to obtaining lipophilic polyamines.
Reagents and conditions: a — Ca(OTf),, MeCN, 85°C; b — HCl-dioxane, CH,Cl,, 24°C;
¢ —Boc,0, K,CO,, MeOH, 24°C; d — Ac,0, 4-dimethylaminopyridine (DMAP), CH,Cl,, 24°C; e — NaH, THF, 65°C.
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Boc-protection group under basic conditions to
obtain compound 11 in 68% yield. Further
introduction of the acetyl group was achieved
by treating compound 11 with a mixture of
4-dimethylaminopyridine and acetic anhydride in
quantitative yield, and subsequent deprotection of
the amino groups of compound 12 led to lipophilic
NPs 13. Treatment of norspermine derivative 11
with sodium hydride in tetrahydrofuran gave
compound 14 in 72% yield; removing of Boc
groups allowed NPs 15 with an oxazolidine ring to
be obtained.

CONCLUSIONS

The developed approach to the synthesis of
new lipophilic derivatives of norspermine and
triethylenetetramine based on the opening of
oxiranes by polyamines is presented. In the course of
a model interaction with N,N'-diaminooctane, it was
shown that the opening of the oxirane ring occurs
regioselectively at the C(1) atom of the glycerol
backbone. Lipophilic NPs containing a hydroxyl
or acetyl group at the C(2) atom of glycerol, as
well as a derivative with an oxoazolidine ring,
were obtained, for which antitumor activity will be
studied in the future.

EXPERIMENTAL

Obtaining the compounds

rac-Hexadecylglycidyl ether (3)

A) 73 mg (1.843 mmol) of NaH (60% dispersion
in mineral oil) was added in portions to a solution
of rac-glycidol (1) (0.112 mL, 1.675 mmol) cooled
to 4°C in 10 mL of anhydrous DMF and stirred
for 20 min. Then C, H, Br (0.665 mL, 2.178 mmol)
and a catalytic amount of TBAI were added and
stirred for 20 h. The reaction mixture was diluted
with water (20 mL), extracted with Et,O (4 x 15 mL),
the organic layer was washed with saturated
aqueous NaCl solution (4 x 10 mL), dried with
Na,SO,, filtered, and evaporated. The residue was
chromatographed on a silica gel column eluting
with a petroleum ether—EtOAc (25:1) system. The
yield of compound 3 was 160 mg (46%).

B) Anhydrous NaOH (174 mg, 4.355 mmol)
and TBAI (112 mg g, 0.350 mmol) were added
to a solution of C H,,OH (849 mg, 3.500 mmol)
in 15 mL of hexane with vigorous stirring, and
the mixture was stirred for 15 min at 4°C. Then
a solution of rac-epichlorohydrin (2) (0.341 mL,
4.355 mmol) in 5 mL of hexane was added dropwise.

The reaction mixture was stirred for 16 h at 60°C.
The precipitate was filtered off; the organic solvent
was removed in vacuo. The residue was
chromatographed on a silica gel column eluting
with a petroleum ether—EtOAc (25:1) system. The
yield of compound 3 was 673 mg (67%).

C) To a solution of C H, OH (0.406 g,
1.675 mmol) cooled to 4°C in 10 mL of hexane,
80 mg (2.010 mmol) of NaH (60% dispersion in
mineral oil) was added in portions with active
stirring and stirred for 15 min. Then, with vigorous
stirring, a catalytic amount of TBAI and a solution
of rac-epichlorohydrin (2) (0.196 mL 2.513 mmol)
in 5 mL of hexane were added. The reaction
mixture was stirred for 16 h at 60°C, cooled,
diluted with water (25 mL), extracted with DCM
(4 x 20 mL), the organic layer was washed with
water (4 x 20 mL), dried with Na,SO,, filtered,
and evaporated. The residue was chromatographed
on a silica gel column eluting with a petroleum
ether—EtOAc (25:1) system. The yield of compound 3
was 260 mg (52%).

D) A catalytic amount of TBABr was added
to C,,H,,OH (3.0 g, 12.37 mmol) melted at 55°C,
the reaction mixture was heated to 70°C, NaOH
(742 mg, 18.56 mmol) was added, and the mixture
was stirred for 20 min. Then, rac-epichlorohydrin
(2) (1.9 mL, 24.75 mmol) was added to the reaction
mixture and stirred for 12 h at 70°C. The reaction
mixture was cooled, diluted with water (25 mL),
extracted with DCM (4 x 30 mL), the organic
layer was washed with water (4 x 25 mL), dried
with Na,SO,, filtered, and evaporated. The residue
was chromatographed on a silica gel column
eluting with a petroleum ether—EtOAc (25:1) system.
The yield of compound 3 was 2.17 g (59%).

'H NMR (300 MHz, CDCL,) & 0.86 (t, / = 6.7 Hz,
3 H, CH,), 1.24 (br. s., 26 H, (CH,)13CH,), 1.27-1.65
(m, 2 H, OCH,CH,), 2.54-2.80 (m, 2 H, CH,OCH),
3.04-3.17 (m, 1 H, CH), 3.29-3.70 (m, 4 H,
CH,OCH,). “C NMR (75 MHz, CDCL) & 14.26,
22.83, 29.50, 29.61, 29.73, 29.74, 29.80, 29.83,
32.06, 44.47, 51.04, 71.58, 71.86.

N-(rac-3-hexadecyloxy-2-hydroxyprop-1-yl)-
1,8-diaminooctane (4)

N,N'-diaminooctane (218 mg, 1.520 mmol) and
Ca(OTf), (142 mg, 0.2529 mmol) were added to
a solution of compound 3 (150 mg, 0.5059 mmol)
in 5 mL of MeCN and stirred for 2 h at 24°C.
The solvents were removed in vacuo, the residue
was chromatographed on a silica gel column,
eluting with a DCM-MeOH-25% aq. NH,
(3:1:0.1) system. The yield of compound 4 was
156 mg (70%).
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'H NMR (600 MHz, CD,OD) & 0.90 (1,
J=7.0Hz, 3 HCH,), 1.28 (br. s, 26 H, (CH,),,CH,),
1.39 (br. s, 8 H, (CH,),, 1.53-1.61 (m, 2 H,
NH,CH,CH), 1.62-1.73 (m, 4 H, OCH,CH,,
NHCH,CH,), 2.89-2.93 (m, 2 H, NH,CH),
2.98-3.20 (m, 4 H, CHNHCH), 3.41-3.51 (m,
4 H, CH,0CH,), 3.98-4.04 (m, 1 H, CH). "C NMR
(151 MHz, MeOH-d,) 5 14.61, 23.80, 26.87, 27.14,
27.18, 27.29, 28.34, 29.81, 30.59, 30.64, 30.69,
30.86, 30.90, 33.13, 40.63, 48.97, 51.48, 66.87,
72.64, 73.74. FT-ICR mass spectrum, m/z: 443.457
[M+H]*, calculated for C,_ H_N. O, 442.458.

2777587 272

N'-(rac-3-hexadecyloxy-2-hydroxyprop-1-yl)-
N'8-bis(tert-butyloxycarbonyl)-
1,8-diaminooctane (5)

A solution of Boc,0 (53 mg, 0.244 mmol) in
1 mL of MeOH was added in drops to a solution
of compound 4 (36 mg, 0.0813 mmol) and K,CO,
(45 mg, 0.325 mmol) cooled to 4°C in 4 mL
of MeOH and stirred for 10 h at 20°C. The
precipitate was filtered off; the organic solvent
was removed in vacuo. The residue was
chromatographed on a silica gel column, eluting
with a toluene—methylethylketone (MEK)
(7:1) system. The yield of compound S5 was
36 mg (70%).

'H NMR (600 MHz, CDCL) & 0.88 (t,
J=7.0Hz, 3 H, CH,), 1.26 (br. s., 26 H, (CH,) ,CH,),
1.30 (br. s., 8 H, (CH,)4), 1.44-1.47 (m, 20 H,
2C(CH,),,NHCH,CH,),1.49-1.54(m,2H,NCH,CH,),
1.54-1.59 (m, 2 H, OCH,CH), 3.06-3.13 (m,
2 H, NHCH,), 3.17-333 (m, 4 H, CHNCH),
3.33-3.47(m,4 H, CH,0CH,), 3.88-3.93 (m, 1 H, CH).
“C NMR (151 MHz, CDCl,) 14.18, 22.81, 26.32,
26.90, 26.91, 28.61, 29.40, 29.44, 29.76, 29.77,
29.79, 29.81, 29.82, 29.83, 29.84, 30.26, 70.78,
71.82,72.81, 79.15, 80.01, 156.15.

rac-N-[(8-tert-butyloxycarbonylamino)octyl]-
5-(hexadecyloxymethyl)-oxoazolidin-2-one (7)
NaH (3 mg, 0.0762 mmol, 60% dispersion
in mineral oil) was added to a solution of
compound 5 (25 mg, 0.0381 mmol) cooled to
4°C in 10 mL of anhydrous THF and stirred for
7 h, gradually heating the mixture to 65°C.
After 5 h the organic solvent was removed
in vacuo. The residue was chromatographed on a
silica gel column, eluting with a toluene-MEK (7:1)
system. The yield of compound 7 was
18 mg (82%).
'H NMR (600 MHz, CDCL) & 0.88 (t,
J=17.1Hz,3H,CH,), 1.22-1.33 (m, 34 H, (CH,) ,CH,,

(CH,),), 1.40-1.48 (m, 11 H, C(CH,), NHCH,CH,),
1.50-1.58 (m, 4 H, OCH,CH,, NCH,CH,), 3.06-3.12
(m, 2 H, NHCH,), 3.21-3.40 (m, 4 H, CH,NCH,),
3.46-3.60 (m, 4 H, CH,OCH,), 4.55-4.62 (m, 1 H,
CH). “C NMR (151 MHz, CDCl,) & 14.07, 22.65,
26.01, 26.45, 26.67, 27.22, 28.41, 29.09, 29.13,
29.33, 29.43, 29.59, 29.67, 31.89, 40.55, 44.00,
46.61, 71.09, 71.68, 72.12, 78.97, 155.86, 157.67.
FT-ICR mass spectrum, m/z: 569.488 [M+H]",
calculated for C,.H_N O_569.489.

3377647 275

General procedure for obtaining compounds 9a and 9b

Compound 8a or 8b (0.5019 mmol) and
Ca(OTf), (0.0836 mmol) were added to a solution
of compound 3 (0.1673 mmol) in 5 mL of MeCN,
and the mixture was stirred for 7 h at 85°C.
The precipitate was filtered off; the organic
solvent was removed in vacuo. The residue was
chromatographed on a silica gel column, eluting
with a DCM-MeOH-25% aq. NH, (5:1:0.1) system.

N, N8-bis(tert-butyloxycarbonyl)-1-[N-(rac-
3-hexadecyloxy-2-hydroxyprop-1-yl)amino]-
11-amino-4,8-diazoundecane (9a)

The yield was 80 mg (70%). 'H NMR
(300 MHz, CDCI-CD,OD (3:1)) & 0.84 (t,
J=06.6 Hz, 3 H, CH,), 1.22 (br. s., 26 H, (CH,) ,CH,),
1.41 (br. s., 18 H, 2 C(CH,),), 1.47-1.57 (m, 2 H,
OCH,CH,), 1.58-1.79 (m, 6 H, 3 NCH,CH,CH,N),
2.58-2.75 (m, 6 H, CHNHCH, CHNH)), 3.15
(m, 8 H, 2 CHNBocCH,)), 3.19-3.30 (m, 4 H,
CH,0CH,),3.77-3.91(m, 1 H,CH). "C NMR (75MHz,
CDCI,-CD,0OD (3:1)) 8 14.06, 22.63, 26.06, 28.42,
28.97-30.22, 31.87, 39.15, 44.81, 46.77, 52.21,
68.64, 71.66, 73.43, 79.43, 155.59. FT-ICR mass
spectrum, m/z: 687.606 [M+H]*, 721.599 [M+CI],
calculated for C,H N O 687.6060, calculated for

3807797 476

C,H,,CIN,0, 721.561.

380779

N*,N®-bis(tert-butyloxycarbonyl)-1-[N-(rac-
3-hexadecyloxy-2-hydroxyprop-1-yl)amino]-
8-amino-3,6-diazaoctane (9b)

The yield was 93 mg (86%). 'H NMR
(300 MHz, CDCL-CD,OD (3:1)) & 0.86 (¢,
J=6.6 Hz, 3 H, CH,), 1.23 (br. 5, 26 H, (CH,) ,CH,),
1.44 (br. s, 18 H, 2 C(CH,),),1.43-1.49 (m,
2 H, OCH,CH)), 2.56-2.89 (m, 6 H, CH,NHCH,,
CH,NH,), 3.18-3.36 (m, 8 H, 2 CH,NBocCH,),
3.36-3.48 (m, 4 H, CHOCH,), 3.76-3.89 (m, 1
H, CH). “C NMR (75 MHz, CDCL,-CD,0D (3:1))
0 14.13, 22.69, 26.10, 28.47, 29.23-29.96, 31.93, 40.72,
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45.81, 48.09, 51.96, 68.83, 71.72, 73.32, 79.86,
155.70. FT-ICR mass spectrum, m/z: 645.560 [M+H]",
calculated for C, H. N ,O_645.553.

3577737476

N*,N3-bis(tert-butyloxycarbonyl)-1-[N-(rac-
3-hexadecyloxy-2-hydroxyprop-1-yl)-/NV-(tert-
butoxycarbonyl)amino]-11-(zert-butoxycarbonyl)-
amino-4,8-diazaundecane (11)

A solution of Boc,0 (42 mg, 0.1908 mmol)
in 1 mL of MeOH was added in drops to a solution
of compound 7a (44 mg, 0.0636 mmol) and K,CO,
(35 mg, 0.254 mmol) cooled to 4°C in 4 mL of
MeOH and stirred for 10 h at 20°C. The organic
solvent was removed in vacuo, the residue was
chromatographed on a silica gel column, eluting
with a toluene-MEK (5:1) system. The yield of
compound 11 was 24 mg (68%).

'H NMR (300 MHz, CDCl,) & 0.85 (t,
J=69Hz 3 H, CH,), 1.23 (br. s, 26 H, (CH,) ,CH,),
1.36-1.48 (m, 36 H, 4 C(CH,),), 1.48-1.49 (m,
2 H, OCH,CH,), 1.58-1.69 (m, 2 H, NHCH,CH,),
1.69-1.82 (m, 4 H, NCH,CH,), 3.00-3.19 (m, 8 H,
3 NCH,, CH)NH), 3.19-3.38 (m, 10 H, 3 NCH,
CH,OCH,), 3.83-3.97 (m, 1 H, CH). "C NMR
(75 MHz, CDClL) & 14.13, 22.69, 26.11, 28.44,
28.97-30.32, 31.91, 37.34, 44.78, 46.91, 51.02,
70.46, 71.64, 72.60, 79.69, 155.36, 156.03.

N, NB-di(tert-butyloxycarbonyl)-1-[ N-(rac-
3-hexadecyloxy-2-acetoxyprop-1-yl)-N-(tert-
butoxycarbonyl)amino]-11-(zert-butoxycarbonyl)-
amino-4,8-diazaundecane (12)

Ac,0 (7.3 uL, 0.0777 mmol) was added to
a solution of DMAP (6.3 mg, 0.0518 mmol) in
I mL of DCM and stirred for 5 min. The resulting
mixture was added to a solution of compound 9
(23 mg, 0.0259 mmol) in 2 mL of DCM and
stirred for 20 h. The organic solvent was removed
in vacuo, the residue was chromatographed on
a silica gel column, eluting with a toluene—EtOAc
(5:1) system. The yield of compound 12 was
24 mg (99%).

'H NMR (600 MHz, CDCL) & 0.87 (t,
J=6.9 Hz, 3 H, CH,), 1.25 (br. s., 26 H, (CH,) ,CH,),
1.40-1.48 (m, 36 H, 4 C(CH,),), 1.50-1.57 (m,
2 H, OCH,CH,)), 1.61-1.77 (m, 4 H, NCH,CH,),
2.05 (s, 3 H, C(O)CH,), 3.05-3.11 (m, 2 H,
CH,NH), 3.11-3.54 (m, 18 H, 7 CH,N, CH,0CH,),
5.15-5.19 (m, 1H, CH). "C NMR (151 MHz, CDCI,)
o 14.25, 21.30, 22.82, 26.18, 28.56, 28.60, 29.49,
29.61, 29.69, 29.79, 29.83, 32.06, 44.99, 45.93,
70.15, 71.60, 71.85, 79.73, 155.49, 156.19, 170.56.

rac-N-[(N*,N®-bis(tert-butyloxycarbonyl)-
11-(tert-butoxycarbonyl)amino]-
4,8-diazaundecanyl)-5-(hexadecyloxymethyl)-
oxoazolidin-2-one (14)

NaH (1.2 mg, 0.0311 mmol, 60% dispersion
in mineral oil) was added to a solution of
compound 11 (15 mg, 0.0169 mmol) cooled to 4°C
in 5 mL of anhydrous THF and stirred for 20 h,
gradually heating to 65°C. The organic solvent was
removed in vacuo, the residue was chromatographed
on a silica gel column, eluting with a toluene—
MEK (5:1) system. The yield of compound 14 was
10 mg (72%).

'H NMR (600 MHz, CDCI,) 6 0.88 (t,/ = 6.9 Hz,
3 H, CH,), 1.26 (br. s., 26 H, (CH,) ,CH,), 1.40-1.50
(m, 27 H, 3 C(CH,),), 1.50-1.60 (m, 2 H, OCH,CH,),
1.60-1.70 (m, 2 H, NHCH,CH,), 1.70-1.85 (m, 4 H,
NCH,CH,), 3.04-3.66 (m, 18 H, 6 NCH,, CH,OCH,),
4.51-4.57 (m, 1 H, CH). "C NMR (151 MHz, CDCl,)
o 14.25, 22.82, 26.15, 28.58, 28.60, 28.62, 29.49,
29.60, 29.72, 29.73, 29.77, 29.79, 29.81, 29.82,
29.83, 32.06, 42.12, 44.87, 46.86, 71.19, 72.00,
72.27,79.78, 79.85, 155.47, 157.91.

General procedure for removing
tert-butoxycarbonyl protecting groups

4N HCI in dioxane (1 mL) was added to a
solution of compounds 9a, 9b, 12, 14 (0.0291 mmol)
in 2 mL DCM and stirred for 1 h at 24°C. The organic
solvent was removed in vacuo.

1-[V-(rac-3-hexadecyloxy-2-hydroxyprop-
1-yl)amino]-11-amino-4,8-diazaundecane
tetrahydrochloride (10a)

The yield was 16 mg (85%). '"H NMR (300 MHz,
D,0-CD,OD (1:1)) & 0.97 (t, J = 6.9 Hz, 3 H,
CH,), 1.36 (br. s., 26 H, (CH,),,CH,), 1.59-1.75 (m,
2 H, OCH,CH,), 2.12-2.38 (m, 6 H, NHCH,CH),
3.11-3.38(m, 14H,6 CH,NH,CH,NH,), 3.51-3.68 (m,
4 H, CH,0CH,), 4.11-4.29 (m, 1 H, CH). "C NMR
(75 MHz, D,0-CD,0OD (1:1)) & 14.11, 22.70, 26.00,
28.47, 29.37, 29.46, 29.54-29.90, 31.94, 37.51,
41.97, 44.74, 46.74, 71.07, 71.86, 72.14, 79.70.
FT-ICR mass spectrum, m/z: 487.495 [M+H]',
calculated for C,_H_N,O, 487.492.

2877637 472

1-[NV-(rac-3-hexadecyloxy-2-hydroxyprop-
1-yl)amino]-8-amino-3,6-diazaoctane
tetrahydrochloride (10b)

The yield was 23 mg (82%). '"H NMR (300 MHz,
D,0-CD,OD (1:1)) 6 0.88 (t, /= 6.9 Hz, 3 H, CH,),
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1.23 (br. s., 26 H, (CH,),,CH,), 1.52-1.67 (m, 2 H,
OCH,CH,), 3.10-3.73 (m, 14 H, 6 CH,NH, CH NH,),
3.36-3.48 (m, 4 H, CH,OCH,), 3.76-3.89 (m, 1 H,
CH). "C (75 MHz, D,0-CD,0OD (1:1)). "C NMR
(75 MHz, D,0-CD,OD (1:1)) 6 14.11, 22.70, 26.00,
28.47, 29.37, 29.46, 29.54-29.90, 31.94, 37.51,
41.97, 44.74, 46.74, 71.07, 71.86, 72.14, 79.70.
FT-ICR mass spectrum, m/z: 445.448 [M+H]',
calculated for C,_ H_N,O, 445.447.

257757 472

1-[N-(rac-3-hexadecyloxy-2-acetoxyprop-
1-yl)amino]-11-amino-4,8-diazaundecane
tetrahydrochloride (13).

The yield was 15 mg (86%). 'H NMR
(600 MHz, D,0-CD,OD (I:1)) & 0.88 (t,
J=69Hz 3H,CH,), 1.26 (br.s., 26 H, (CH,) ,CH,),
1.53-1.59 (m, 2H, OCH,CH,, 2.10-2.22 (m,
9 H, C(O)CH,, NHCH,CH,, NCH,CH,), 3.09-3.42
(m, 14 H, 6 CH,NH, CHNH,), 3.46-3.67 (m, 4 H,
CH,0CH,), 5.25-5.29 (m, 1 H, CH). "C NMR
(151 MHz, D,0-CD,OD (I:1)) & 14.58, 23.49,
23.82, 24.81, 24.89, 26.74, 30.21, 30.30, 30.38,
30.52, 30.77, 32.78, 37.63, 41.97, 45.70, 45.72,
45.80, 46.29, 47.18, 72.03, 72.82, 74.58, 160.59.
FT-ICR mass spectrum, m/z: 529.506 [M+H],
calculated for C, H N, O, 529.505.

300765 473

rac-N-[11-(11-amino-4,8-diazaundecanyl)]|-
5-(hexadecyloxymethyl)oxoazolidin-2-one
trihydrochloride (15)

The yield was 8 mg (99%). 'H NMR
(600 MHz, D,0-CD,OD (1:1)) 8 0.88 (t, J = 6.7 Hz,

REFERENCES

1. Casero R.A., Murray Stewart T., Pegg A.E. Polyamine
metabolism and cancer: treatments, challenges and opportunities.
Nat.  Rev. Cancer. 2018;18(11):681-695.  https://doi.
org/10.1038/s41568-018-0050-3

2. Khomutov M.A., Mikhura I.V.,, Kochetkov S.N.,
et al. C-Methylated Analogs of Spermine and Spermidine:
Synthesis and Biological Activity. Russ. J. Bioorg. Chem.
2019;45(6):463-487. https:/doi.org/10.1134/S1068162019060207

3. Goyal L., et al. Phase 1 study of N(1),N(11)-
diethylnorspermine  (DENSPM) in patients with
advanced hepatocellular carcinoma. Cancer Chemother.
Pharmacol.  2013;72(6):1305-1314.  https://doi.org/10.1007/
s00280-013-2293-8

3 H, CH,), 1.27 (br. s., 26 H, (CH,),,CH,), 1.53-1.60
(m,2H,OCH,CH,), 1.97-2.03 (m, 2 H, NH,CH,CH,),
2.09-2.21 (m, 4 H, NCH,CH,), 3.07-3.72 (m, 18 H,
6 CHNH, CHNH,, CH,OCH,), 3.78-3.85 (m, 1
H, CH). "C NMR (151 MHz, D,0-CD,0OD (1:1))
o 14.58, 23.49, 23.82, 24.81, 24.89, 26.74, 30.21,
30.30, 30.38, 30.52, 30.77, 32.78, 37.63, 41.97,
45.70, 45.72, 45.80, 46.29, 47.18, 72.03, 72.82,
74.58, 160.59. FT-ICR mass spectrum, m/z: 529.515
[M—-H+H, O], calculated for C, ;H, N,O, 529.469.

2977617 474

Acknowledgments
This study was supported by the Ministry of Science
and Higher Education of the Russian Federation (project
No. 0706-2020-0019), and performed using the equipment
of the Shared Science and Training Center for Collective
Use of RTU MIREA (agreement No. 075-15-2021-689 dated
01.09.2021 (unique identification number 2296.61321X0010).

Authors’ contributions

E.A. Eshtukova-Shcheglova — carrying out the
synthesis, writing the text of the article;

K.A. Perevoshchikova — design of experiments,
writing the text of the article, carrying out the synthesis;

A.V. Eshtukov-Shcheglov — NMR spectroscopy
studies and data processing;

D.A. Cheshkov— NMR spectroscopy studies and data
processing, scientific advice;

M.A. Maslov - supervising of works, design
of experiments, editing the article.

The authors declare no potential or actual conflicts
of interest.

4. Murray-Stewart T.R., Woster P.M., Casero R.A.
Targeting polyamine metabolism for cancer therapy and
prevention. Biochem. J. 2016;473(19):2937-2953. https://
doi.org/10.1042/bcj20160383

5. Ma J., et al. A Polyamine-Based Dinitro-
Naphthalimide Conjugate as Substrates for Polyamine
Transporters Preferentially Accumulates in Cancer
Cells and Minimizes Side Effects in vitro and in vivo.
Front.  Chem. 2020;8:106.  https://doi.org/10.3389/
fchem.2020.00166

6. Thibault B., et al. F14512, a polyamine-
vectorized inhibitor of topoisomerase II, exhibits a
marked anti-tumor activity in ovarian cancer. Cancer Lett.
2016;370(1):10-18. https://doi.org/10.1016/j.
canlet.2015.09.006

Toukue xuMmudyeckue texHoaoruu = Fine Chemical Technologies. 2022;17(4):323-334

332


https://doi.org/10.1038/s41568-018-0050-3
https://doi.org/10.1038/s41568-018-0050-3
https://doi.org/10.1134/S1068162019060207
https://doi.org/10.1007/s00280-013-2293-8
https://doi.org/10.1007/s00280-013-2293-8
https://doi.org/10.1042/bcj20160383
https://doi.org/10.1042/bcj20160383
https://doi.org/10.3389/fchem.2020.00166
https://doi.org/10.3389/fchem.2020.00166
https://doi.org/10.1016/j.canlet.2015.09.006
https://doi.org/10.1016/j.canlet.2015.09.006

Elizaveta A. Eshtukova-Shcheglova, Ksenia A. Perevoshchikova, Artur V. Eshtukov-Shcheglov, et al.

7. Kazakova OB., et al. Evaluation of Cytotoxicity
and a-Glucosidase Inhibitory Activity of Amide and
Polyamino-Derivatives of Lupane Triterpenoids.
Molecules. 2020;25(20):4833. https://doi.org/10.3390/
molecules25204833

8. Hodon J., et al. Design and synthesis of pentacyclic
triterpene conjugates and their use in medicinal research.
Eur. J. Med. Chem.2019;182:111653. https://doi.org/10.1016/.
ejmech.2019.111653

9. Mohamad Reza Nazifi S., et al. Structure—activity
relationship of polyamine conjugates for uptake via polyamine
transport system. Struct. Chem. 2019;30(10):175—184. https://
doi.org/10.1007/s11224-018-1175-4

10. Markova A.A., Plyavnik N.V., Morozova N.G., et al.
Antitumor phosphate-containing lipids and non-phosphorus
alkyl cationic glycerolipids: Chemical structures and perspectives
of drug development. Russ. Chem. Bull. 2014;63(5):1081-1087.
https://doi.org/10.1007/s11172-014-0552-4

11. Varlamova E.A., Isagulieva A.K., Morozova N.G.,
et al. Non-Phosphorus Lipids As New Antitumor Drug
Prototypes. Russ. J. Bioorg. Chem. 2021;47(5):965-979.
https://doi.org/10.1134/S1068162021050356

About the authors:

12. Perevoshchikova K.A., Nichugovskiy A.L, Isagulieva A K.,
et al. Synthesis of novel lipophilic tetraamines with cytotoxic
activity. Mendeleev Commun. 2019;29(6):616—618. https://
doi.org/10.1016/j.mencom.2019.11.003

13. Saddique F.A., Zahoor A.F., Faiz S., et al. Recent
trends in ring opening of epoxides by amines as nucleophiles.
Synth. Commun. 2016;46(10):831-868. https://doi.org/10.108
0/00397911.2016.1170148

14. Cepanec I., Litvic M., Mikuldas H., et al. Calcium
trifluoromethanesulfonate catalysed aminolysis of epoxides.
Tetrahedron. 2003;59(14):2435-2439. https://doi.org/10.1016/
S0040-4020(03)00292-8

15. Ishigami K., Katsuta R., Shibata C., et al. Synthesis
and structure revision of tyroscherin, and bioacptivities
of its stereoisomers against IGF-1-dependent tumor cells.
Tetrahedron. 2009;65(18):3629-3638. https://doi.
org/10.1016/j.tet.2009.03.003

16. Petukhov I.A., Maslov M.A., Morozova N.G., et al.
Synthesis of polycationic lipids based on cholesterol and
spermine. Russ. Chem. Bull. 2010;59(1):260-268. https://doi.
org/10.1007/s11172-010-0071-x

Elizaveta A. Eshtukova-Shcheglova, Postgraduate Student, N.A. Preobrazhensky Department of Chemistry
and Technology of Biologically Active Compounds, Medicinal and Organic Chemistry, M.V. Lomonosov Institute of Fine
Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr., Moscow, 119571, Russia). E-mail:
shchegs.ea@gmail.com. https://orcid.org/0000-0002-3729-4466

Ksenia A. Perevoshchikova, Trainee Researcher, N.A. Preobrazhensky Department of Chemistry and Technology of
Biologically Active Compounds, Medicinal and Organic Chemistry, M.V. Lomonosov Institute of Fine Chemical Technologies,
MIREA — Russian Technological University (86, Vernadskogo pr., Moscow, 119571, Russia). E-mail: perevocshikova@mirea.ru.
Scopus Author ID 57189095507, https://orcid.org/0000-0001-9478-2960

Artur V. Eshtukov-Shcheglov, Junior Researcher, State Scientific Research Institute of Chemistry and Technology
of Organoelement Compounds (38, Entuziastov sh., Moscow, 105118, Russia). E-mail: nemtcev.94.nmr@gmail.com.
https://orcid.org/0000-0002-8975-9958

Dmitriy A. Cheshkov, Cand. Sci. (Phys.-Math.), Leading Researcher, State Scientific Research Institute of Chemistry
and Technology of Organoelement Compounds (38, Entuziastov sh., Moscow, 105118, Russia). E-mail: cheshkov_d@mail.ru.
Scopus Author ID 23481189200, RSCI SPIN-code 5722-6745, https://orcid.org/0000-0002-9024-4353

Mikhail A. Maslov, Dr. Sci. (Chem.), Director of the Institute of Fine Chemical Technologies, Professor,
N.A. Preobrazhensky Department of Chemistry and Technology of Biologically Active Compounds, Medicinal and Organic
Chemistry, M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86,
Vernadskogo pr., Moscow, 119571, Russia). E-mail: mamaslov@mail.ru. ResearcherID A-3011-2012, Scopus Author ID
7003427092, RSCI SPIN-code 6451-6580, https://orcid.org/0000-0002-5372-1325

06 aemopax:

Ewmykoea-Illeenoea Enuszaeema AnexcanHOpOBHA, aCIUPaHT KaQeapbl XUMHUHM M TEXHOJIOTHH OHOJIOTHYECKH
AKTHBHBIX COCAMHEHUH, MEIUIMHCKON W opranmdeckoit xumun uM. H.A. TIpeoOpakenckoro MHCTUTYyTa TOHKHX XMMHYECKUX
tex"onoruit um. M.B. Jlomonocoa ®I'EOY BO «MUPDA — Poccwuiickuii TexHonmorudecknii yausepcuret» (119571, Poccus,
Mocksa, ip-T Beprazckoro, 1. 86). E-mail: shchegs.ea@gmail.com. https://orcid.org/0000-0002-3729-4466

ITepeeowuxoea Kcenust AHOpeeeHa, CTaXep-HCCIENOBATENL Kadeaphl XHMUM M TEXHOJIOTUM OHOJIOIHYECKH
AKTHBHBIX COCIMHCHUH, METUIIMHCKOM W oprannueckor xumun M. H.A. TIpeoOpaxkeHnckoro MHCTUTYTa TOHKHX XHMHYECKHX
texHonoruii uM. M.B. Jlomonocosa ®TBOY BO «MUPDA — Poccuiickuii TexHonoruueckuiit yausepcuret» (119571, Poccus,
Mocksa, mp-t Bepnanckoro, a. 86). E-mail: perevocshikova@mirea.ru. Scopus Author ID 57189095507, https://orcid.
org/0000-0001-9478-2960

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(4):323-334
333


https://doi.org/10.3390/molecules25204833
https://doi.org/10.3390/molecules25204833
https://doi.org/10.1016/j.ejmech.2019.111653
https://doi.org/10.1016/j.ejmech.2019.111653
https://doi.org/10.1007/s11224-018-1175-4
https://doi.org/10.1007/s11224-018-1175-4
https://doi.org/10.1007/s11172-014-0552-4
https://doi.org/10.1134/S1068162021050356
https://doi.org/10.1016/j.mencom.2019.11.003
https://doi.org/10.1016/j.mencom.2019.11.003
https://doi.org/10.1080/00397911.2016.1170148
https://doi.org/10.1080/00397911.2016.1170148
https://doi.org/10.1016/S0040-4020(03)00292-8
https://doi.org/10.1016/S0040-4020(03)00292-8
https://doi.org/10.1016/j.tet.2009.03.003
https://doi.org/10.1016/j.tet.2009.03.003
https://doi.org/10.1007/s11172-010-0071-x
https://doi.org/10.1007/s11172-010-0071-x
mailto:shchegs.ea@gmail.com
https://orcid.org/0000-0002-3729-4466
mailto:perevocshikova@mirea.ru
https://orcid.org/0000-0001-9478-2960
mailto:nemtcev.94.nmr@gmail.com
https://orcid.org/0000-0002-8975-9958
mailto:cheshkov_d@mail.ru
https://orcid.org/0000-0002-9024-4353
mailto:mamaslov@mail.ru
https://orcid.org/0000-0002-5372-1325
mailto:shchegs.ea@gmail.com
https://orcid.org/0000-0002-3729-4466
mailto:perevocshikova@mirea.ru
https://orcid.org/0000-0001-9478-2960
https://orcid.org/0000-0001-9478-2960

Amination of epoxides as a convenient approach for the synthesis of lipophilic polyamines

Ewmyxoe-Ille2noe Apmyp Bnadumupoeuu, MiaIinnii HaydHbIi COTpyAHUK, [0CynapcTBeHHbIN Hay 9HbIN eHTp PD,
AxrmoHepHoe obiectBo «Hay4Ho-nCCIe10BaTeIbCKOr0 HHCTUTYT XHMHH U TEXHOJIOTHH 3JICMCHTOOPTaHUYECKUX COCANHEHUID
(105118, Poccusi, Mocksa, m1. OHTy3uacToB, 1. 38). E-mail: nemtcev.94.nmr@gmail.com. https://orcid.org/0000-0002-8975-9958

YJewkoe Amumpuii Anexcamopoeuu, K.G.-M.H., BEAyIIMi HaydHBIA COTPYAHMK, [OCYIapCTBEHHBIM Hay4HBIH
nentp P®, Axumoneproe obrectBo «Hay4HO-HCCIIemOBaTEIbCKOTO HHCTUTYT XMMHH U TEXHOJOTHH JJIEMEHTOOPTaHMYECKUX
coenunenuit» (105118, Poccus, Mockga, 1. DHTy3uacToB, a. 38). E-mail: cheshkov_d@mail.ru. Scopus Author ID 23481189200,
SPIN-kox PUHIL 5722-6745, https://orcid.org/0000-0002-9024-4353

Macnoe Muxaun AnexcaHopoeud, i.x.H., TMpekTop VHCTUTYTa TOHKMX XUMHUYECKUX TEXHOIOTHIA, Ipodeccop Kadeapbl
XMMHUH M TEXHOJIOTUU OMOJIOTHYECKH aKTHBHBIX COCAMHEHUH, MEAMLIMHCKON U opranndeckoi xumuu uM. H.A. TIpeoOpaskeHckoro
WHctuTyTa TOHKMX XUMUYecKuX TexHoiorud um. M.B. Jlomonocoa ®I'BOY BO «MUPDA — Poccuiickuii TeXHOIOTUYECKUN
yausepcuret» (119571, Poccust, Mocksa, np-t BepHanckoro, a. 86). E-mail: mamaslov@mail.ru. ResearcherID A-3011-2012,
Scopus Author ID 7003427092, SPIN-kox PUHII 6451-6580, https://orcid.org/0000-0002-5372-1325

The article was submitted: February 17, 2022, approved afier reviewing: April 15, 2022, accepted for publication: July 07, 2022.

Translated from Russian into English by H. Moshkov
Edited for English language and spelling by Thomas Beavitt

Toukue xuMmudyeckue texHoaoruu = Fine Chemical Technologies. 2022;17(4):323-334
334


mailto:nemtcev.94.nmr@gmail.com
https://orcid.org/0000-0002-8975-9958
mailto:cheshkov_d@mail.ru
https://orcid.org/0000-0002-9024-4353
mailto:mamaslov@mail.ru
https://orcid.org/0000-0002-5372-1325

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(4):335-345

CHEMISTRY AND TECHNOLOGY OF MEDICINAL COMPOUNDS
AND BIOLOGICALLY ACTIVE SUBSTANCES

XHMHUSI 1 TEXHOAOTI'HSI AEKAPCTBEHHBIX ITPEITIAPATOB
H BHOAOT'HYECKH AKTHBHBIX COENHUHEHHH

ISSN 2686-7575 (Online)

https://doi.org/ 10.32362/2410-6593-2022-17-4-335-345 (@)Y |
UDC 615.28
RESEARCH ARTICLE
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Abstract

Objectives. The study aimed to synthesize the multifunctional materials silver-added titanates
via reduction of sol-gel fabricating titanates (Fe,TiO, and NiTiO,) with Jasminium subtriplinerve
Blume leaf extract.

Methods. The physicochemical characteristics of the obtained materials were determined by
X-ray diffraction, energy dispersive X-Ray spectroscopy, Raman spectroscopy, Brunauer-Emmett—
Teller specific surface area, scanning electron microscopy, and UV-Vis absorption spectroscopy.
Results. The results demonstrated good dispersion of silver on the surface of Fe,TiO, and
NiTiO, to create photocatalysts with two light-absorbing regions. The obtained materials were
applied as antibacterial agents in polluted water. The Ag-Fe,TiO, (Ag-FTO) samples showed
better properties and antibacterial activity than Ag-NiTiO, (Ag-NTO) due to the better dispersion
of silver nanoparticles on the FTO surface. Besides, the antibacterial results exhibit increased
inhibiting activity against gram-negative (—) bacteria as compared with gram-positive (+) bacteria.

© Anh C. Ha, Tri Nguyen, Phung A. Nguyen, Van M. Nguyen, 2022
335


https://doi.org/10.32362/2410-6593-2022-17-4-335-345
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Conclusions. Nanomaterials Fe,TiO, and NiTiO, added Ag were successfully synthesized. These
materials showed excellent inhibition against Baccilus cereus, Escherichia coli, Pseudomonas
aeruginosa, Salmonella typhi, and Staphylococcus aureus. Additionally, the Ag-Fe,TiO, samples
showed much better antibacterial activity than the Ag-NiTiO, sample.

Keywords: Iron(lll) titanate, nickel titanate, Jasminum subtriplinerve Blume leaf, antibacterial
activity
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AHHOMAQuus

IMenu. Cunmesuposamb MHO20PYHKUUOHAIbHblIE Mamepuaibl mumaHamst ¢ dobaeseHuem
cepebpa nymem 60CCMAHOBNEHUSL 30/lb-2e/1e8blX Npou3godHblx mumaramos (Fe,TiO, u NiTiO,)
sKcmparxmom aucmueg subtriplinerve Blume skacmuHa.

MemooObl. DusuKo-xumMuuecKue XapaKkmepucmuku NOAYUEHHbIX MAMEPUAIO8 ONpPedessiiu
MmemooamMu  peHmeeHo8cKol  JugdparKyuu, 9HEep200UCNepCUOHHOT  peHmeeHOo8CKOl
CNeKmpocKonuu, CneKmpocKonuu KOMOUHAYUOHHO20 pPAacCesiHUs, YO0enbHOU NnoeepxHo-
cmu BpyHayspa - Ommema - Tennepa, ckarHupyrouw,eili 3/1eKmMpoHHOU MUKPOCKONUSL U
abcopbyuoHHasi cnekmpockonust 8 YP-eudumoti obracmu.

Pesynomamet. Pesynbmamsl NOKA3bleAOM, umo cepebpo umeem Xopoulyro Oucnepcuro Ha
nosepxrnocmu Fe,TiO, u NiTiO, u cozdaem comokamaniusamopsl ¢ 08Ymsl CEemono2nioua-
rowumu obnacmamu. IlonyueHHole mamepuaibl NPUMEHSLIUCL 8 Kauecmae aHmubaKmepuaibHblLX
cpedcme 6 sazpsisHeHHblx sodax. Obpasubl Ag-Fe,TiO, (Ag-FTO) nokasanu sayduwiue cgoticmea u
anmubaxmepuanioHyto axmueHocms, uem Ag-NiTiO, (Ag-NTO) sa cuem ayuwezo Oucnepauposamus
HaHouacmuy cepebpa Ha nogepxHocmu FTO. Kpome mozo, anmubaxmepuaibHble pesylbmamal
demoHcmpupyrom 60NbULYH0 UH2UOUPYOULYIO AKMUSHOCMb 8 OMHOUWEHUU 2PAMOMPULAMETEHBLX
(-) baxmepuli, uem 8 OMHOUWLEHUU 2PAMNONIOKUMENbHBLX (+) baxmepull.
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Bbleo0bl. YCneuiHo CuHmesuposaHsl HaHomamepuans. Fe,TiO. u NiTiO, ¢ dobaeneHuem Ag.
INonyueHHble cocmagsbl NOKA3ANU OMAUUHOE UHRUOUPOBAHUE 8 OMHOUWEHUU 80CKO80U bayUIbL
(Baccilus cereus), kuweuroti nanouxku (Escherichia coli), cunezHotliHoli nanouku (Pseudomonas

aeruginosa), CObMOHENbL

mugu (Salmonella typhi) u 3on0mucmozo cmaguioKoKKa

(Staphylococcus aureus). Kpome mozo, obpasysl Ag-Fe,TiO, nokasanu 20pasoo Ayuuyro aHmu-
baxmepuansHyro akmusHocmb, uem obpasey Ag-NiTiO,.

Knroueesle cnosa: mumaram xenesa(lll)) mumarnam Hukens, aucmost subtriplinerve Blume

xKacmMuHa, aHmu()'aKmepuaJlebLﬂ

Jna yumuposanusn: Ha C.A., Nguyen T., Nguyen P.A., Nguyen V.M. Antibacterial activity of green fabricated

silver-doped  titanates.  Tonk.  Khim.  Tekhnol. =

0rg/10.32362/2410-6593-2022-17-4-335-345

INTRODUCTION

The increasing number of industrial production
and complex human life activities has seriously
affected water quality creating safety concerns.
Wastewater contains not only a large number
of persistent pollutants but also many dangerous
bacteria affecting human health [1, 2]. Therefore,
there is an urgent need to overcome these problems,
especially in developing countries.

Contemporary treatment methods such as
chemical oxidizing agents, chlorination, ultraviolet
(UV) radiation, membrane, ozonation, etc., have
been considered for water treatment and disinfection
purposes [3-5]. Although these methods have
demonstrated effectiveness, they also have various
disadvantages, such as the creation of toxic
byproducts after treatment, high operating costs,
and the inability to treat bacteria [3]. The main
limitation of catalytic oxidation is the inability to
kill bacteria present in wastewater. Semiconductor
photocatalytic oxidation is one of the advanced
oxidation processes being researched and applied
in the wastewater treatment industry.

Although silver (Ag) is well known as a
disinfectant against a wide range of bacteria
having been widely wused in sterilization and
bactericidal applications, its practical application
is limited due to the ease of oxidation, which can
cause aggregation and loss of antimicrobial
activity over time. Therefore, Ag requires a
supporting substrate to enhance stability of

Fine  Chem.

Technol.  2022;17(4):335-345.  https://doi.

morphological features and maintain antimicrobial
efficacy. Therefore, the research aimed at
enhancing the antibacterial ability of photocatalyst
materials by modifying them or adding another
material with antibacterial properties is required.
The widely used TiO, semiconductor catalyst
has been commercialized as TiO,-P25. However,
its practical application is limited by the large
bandgap energy (3.2 eV) and high recombination
of electron and hole pairs [6, 7]. Therefore, the
modification of TiO, structure to improve its
catalytic efficiency and stability has been receiving
much interest from researchers along with the
study of new potential semiconductor materials.
Perovskite-like materials possessing suitable
properties, such as chemically inert, high mechanical
strength, high absorption coefficient, low activation
energy, and significant transparency, are being
researched and developed for photocatalytic
applications [6, 7]. Among them, titanate-based
materials have shown their potential with high
activity and stability. Fe,TiO, pseudobrookite has
received much attention due to its low band gap
energy (1.9-2.2 eV), higher energy level minimum
conduction band, superior photochemical stability,
and low cost, representing a promising photocatalyst
product [8-10]. Another titanate, NiTiO, perovskite,
comprising an n-type semiconductor with an ilmenite-
type crystal structure, has attracted considerable
attention due to its superior photocatalytic and
electro-optical properties and low dielectric constant
[11, 12]. NiTiO, also exhibits an optical absorption
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spectrum with band gap energy around 3.0 eV,

offering excellent potential for visible light
photocatalytic  applications [13]. Thus, the
Ag-added titanates can be used to create
multifunctional composites with excellent

photocatalytic antibacterial activity in wastewater.
However, there are almost no studies on the
addition of Ag to Fe,TiO, and NiTiO, to enhance
their antibacterial ability.

In our research, multifunctional Ag-added
titanates (Fe,TiO, and NiTiO,) were synthesized
by biosynthesis using Jasminium subtriplinerve
Blume (JS) leaf extract as a reducing agent of
AgNO, solution to Ag’, in which Fe,TiO, and
NiTiO, are prepared by the sol-gel method. JS is a
member of the Oleaceae genera. Compounds such
as triterpenoids, oleanolic acid, flavonoids,
glucosides, etc. [14-16], which have been
identified and reported in its phytochemicals,
can be employed as reducing reagents in the
process of biosynthesizing silver nanoparticles.
The physicochemical properties of  the
prepared nanoparticles have been investigated.
The antibacterial action of prepared nanoparticles
was evaluated with the help of bacteria such as
gram-negative  Escherichia  coli (E.  coli),
Pseudomonas aeruginosa (P. aeruginosa), and
Salmonella typhi (Salmonella), and gram-positive
Baccilus cereus (B. cereus) and Staphylococcus
aureus (S. aureus), which are typically present in
wastewater.

MATERIALS AND METHODS

Pseudobookite ~ Fe,TiO,  and  perovskite
NiTiO, were prepared by sol-gel method according
to the procedure described in detail in the works
[17, 18], respectively. First, 4.04 g of Fe(NO,),-9H,0
(99.9%, Merck, Germany) or Ni(NO,),-6H,0 (99.9%,
Merck, Germany) and 2.1 g of C.H,O_-H,O (99.9%,
Merck, Germany) were dissolved with 5 mL of
C,H,OH (99%, Merck, Germany). Next, 3 mL of
Ti(OC,H,), (99.7%, Merck, Germany) was added
drop by drop. The synthetic gel was dried at 60°C
for 24 h and follows by heating at 700°C for 2 h to
obtain a Fe,TiO, and NiTiO, samples.

Ag-doped Fe, TiO, (Ag-FTO) and Ag-doped
NiTiO, (Ag-NTO) catalysts were synthesized
using JS leaf extract as a reducing agent of
AgNO; solution to Ag’. JS leaf was collected from
Ho Chi Minh City in Vietnam. After washing and
shredding, JS leafis dried at a temperature of 60°C for
4 h. Next, 50 g of the JS leaf were mixed with
1000 mL of deionized water and heated to 80°C
for 2 h under stirring. Finally, the JS leaf extract

was filtered and preserved at 4°C for further
experiments. Silver nitrate (AgNO,, >99.8%, Merck,
Germany) was purchased. The optimized conditions
for the Ag nanoparticles (AgNPs) synthesis using
JS extract as a reducing agent were determined
based on our previous publication [16], involving
the presence of the light illumination, a synthesis
time of 150 min, a volume ratio of AgNO,
solution/JS extract of 18:2, a AgNO, concentration
of 1.0 mM and a stirring rate of 300 rpm at
temperature of 20°C. To synthesize Ag—FTO and
Ag-NTO, Fe,TiO;, and NiTiO, powders were
initially added together in a determined proportion
with 1 mM AgNO, precursor. The samples are
denoted as xAg-FTO and xAg-NTO, where x
represents the silver content added to titanates.

The physicochemical characteristics were
studied including X-ray diffraction (XRD),
Raman spectroscopy, scanning electron microscopy
(SEM), Brunauer—Emmett-Teller adsorption (BET),
energy dispersive X-ray spectroscopy (EDS),
and UV-Vis absorption spectra techniques. The
method of implementation is as detailed in our
previous study [19].

The obtained samples have been tested for
antibacterial activity against gram-negative E. coll,
P aeruginosa, and Salmonella, and gram-positive
B. cereus and S. aureus by the minimum inhibitory
concentration (MIC). These methods have been
presented in our previous studies [20].

RESULTS AND DISCUSSION

The XRD pattern (Fig. 1) of the Ag—FTO
samples shows mainly diffraction peaks of the
pseudobrookite Fe,TiO, at 20 = 18.2°, 25.7°,
27.6°, 32.7°, 37.5°, 40.6°, 46.3°, 49.0°, 52.5°, and
60.1° (JCPDS!' card No. 41-1432). In addition,
a few other characteristic peaks of rutile with
low intensity at 20 = 27.3°, 36.1°, and 41.5°
(JCPDS card No. 21-1276) were observed. There
was practically no appearance of characteristic peaks
of anatase (JCPDS card No. 21-1272). Some silver
peaks with low intensity were also observed for
Ag-FTO samples at 20 = 37.4, 39.0, and 41.1°
(JCPDS card No. 04-0783). Diffraction peaks of
Ag’ species were observed more clearly in the
1.0Ag—NTO sample, where Ag concentration was
loaded up to 1.0 wt %. The phase composition
of the Ag-FTO sample completely coincides
with that of the pure Fe, TiO, sample [17], indicating
that Ag does not change the phase structure of

! JCPDS (Joint Committee on Powder Diffraction
Standards)—International Center for Diffraction Data.
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Fig. 1. XRD patterns of Ag—FTO (a) and Ag—NTO (b) catalysts.

26, deg.
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pseudobrookite. However, the presence of Ag

reduced the crystal size of Fe, TiO, from 31.6 nm to
18.6 nm as calculated based on the Scherrer

equation. For the Ag—NTO samples, the peaks of
NiTiO, were observed at 20 = 23.9°; 32.8°; 35.4°;
53.4°; 61.9°; and 63.5°(JCPDS 75-3757). The XRD
spectra of these samples also demonstrated the
presence of anatase crystalline phase at 20 = 25.4°
and rutile crystalline phase at 20 = 27.6°, as well
as some characteristic peaks of Ag at 20 = 37.4,

1 10um

39.0, and 41.1°. The average crystal

size of NiTiO3

is 17-18 nm, which were approximately the same

for the Ag—FTO samples. From the
the crystal size of Ag® is estimated to

XRD diagram,
be a few nm.

The elemental compositions of the 0.5Ag—FTO

and 0.5Ag-NTO samples

were determined by

EDS analysis. EDS images show that both silver-

modified samples

of Ag crystals on the

have a uniform distribution
FezTiO5

and NiTiO3

surfaces (Fig. 2). In which, the Ag distribution is more
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Fig. 2. EDS analysis of 0.5Ag—FTO (a) and 0.5Ag—NTO (b) samples.
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dominant for 0.1Ag-FTO sample than that of
0.1Ag-NTO sample. Meanwhile, the EDS spectrum
of the 0.1Ag—FTO sample shows the characteristic
peaks of Fe, Ti, O, and Ag. The mass ratio of these
elements corresponds to 39.99:27.43:31.95:0.63,
which is nearly equivalent to the theoretical
mass ratio of 0.1Ag—FTO (46.43:19.09:33.17:0.50).
The EDS spectrum of sample 0.1Ag-NTO also
shows characteristic peaks of Ni, Ti, O, and Ag
with mass ratios 38.50:32.40:28.41:0.68, respectively.
This ratio is also quite close to the theoretical
mass ratio of 0.1Ag—NTO (37.78:30.82:30.90:0.50).
Comparing 0.1Ag-FTO and 0.1Ag-NTO samples,
the 0.1Ag—FTO sample seems to have a more
similar experimental mass ratio of elements and
theoretical mass ratio than that of 0.1Ag-NTO,
demonstrating the higher purity of this sample.
In addition, some unassigned peaks on the
EDS spectra of both samples were characteristic
peaks of the carbon tape material covering the
samples. From the EDS and XRD results, it can
be concluded that the silver was formed and
uniformly dispersed on the surface as well as
inside the structure of Fe,TiO, and NiTiO,.

The Raman spectrum of Ag-FTO samples
(Fig. 3) shows the appearance of absorption
peaks characteristic for Fe,TiO, structure at
144 cm™, 199 cm™', 222 ecm™!, 292 ecm™!, 327 cm™!,
394 cm™!, 661 cm™!, 787 cm’!, and 1294 cm™! [21].
Here, the characteristic Ag oscillations at 199,327, and
787 cm™ correspond to the strain vibration in
the inner plane of the O-Ti bond, the symmetric
stretching vibration of the O-Fe bond, and the
symmetrical bending vibrations of the O-Ti bond.
Meanwhile, the B, oscillations at 144 cm™, 222 cm™,
and 661 cm™!' are formed by the out-of-plane
rotation of the O-Ti bond, bending vibrations
in the plane of the O-Fe bond, and external

— 1.0Ag-FTO
1 —— 0.5Ag-FTO

Intensity, a.u

200 400 600 800 1000 1200 1400 1600 1800
Wavenumber, cm™

a

bending vibrations of the Ti—O bond, respectively.
Moreover, the characteristic peaks of Fe,O,
are not significantly present in the Raman
spectrum. Therefore, this result proves that the
obtained Fe,TiO; has high crystallinity with a
stable phase structure. Meanwhile, for Ag-NTO
samples, the Raman vibrational modes for
NiTiO, are located at 192 cm™ A), 229 cm'! B,
246 cm’! (A), 291 em™ (B, 345 cm’! (B,),
394cm™ (A), 465cm™ (B),484cm™ (A), 613 e’ (B)),
and 709 cm™! (B,). The characteristic A, and B,
oscillations correspond to the strain vibration in
the inner plane of the O-Ti bond, symmetrical
bending vibrations of the O-Ti bond, and the
symmetric stretching vibration of the O-Ni bond.
Since the Raman spectrum shows almost no
characteristic oscillations of Ag for both Ag—FTO
and Ag-NTO samples, it can be concluded that
silver is present in low concentrations and well
dispersed on the surface of Fe,TiO  and NiTiO,.
SEM images (Fig. 4) show that the Ag—FTO
and Ag—NTO materials exist in the form of small
quasi-spherical particles and large bulk. For both
Ag—FTO and Ag-NTO samples, samples containing
0.5% Ag exhibited less agglomeration, smaller
clumps, and better dispersion of brightly colored
spherical Ag particles. This means that there will
be better porosity for bacteria location and conversion.
Figure 5a shows the N, adsorption-desorption
isotherms of 0.5Ag—FTO and 0.5Ag-NTO samples.
According to the IUPAC nomenclature [22], the
shape of the nitrogen isotherm of two samples
could be considered to be a type IV isotherm,
which is typical for mesoporous materials. Here,
the width of the hysteresis loop of the Ag—FTO
sample is much higher than that of the Ag—NTO
sample, demonstrating the better adsorption
capacity of this material for bacteria. The curve of

] —— 1.0Ag-NTO
—— 0.5Ag-NTO
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200 400 600 800 1000 1200 1400 1600 1800
Wavenumber, cm™

b

Fig. 3. Raman spectra of Ag—FTO (a) and Ag—NTO (b) catalysts.

Toukue xuMmudeckue TexHoaoruu = Fine Chemical Technologies. 2022;17(4):335-345

340



Anh C. Ha, Tri Nguyen, Phung A. Nguyen, Van M. Nguyen

the pore size distribution of the 0.5Ag—FTO and
0.5Ag-NTO samples according to their diameters
additionally allowed the maximum diameter
densities of 24.0 A and 23.4 A, respectively,
to be determined (Fig. 5b). These were used
to calculate the BET data for 0.5Ag-FTO and
0.5Ag-NTO samples. For the 0.5Ag-FTO sample,
the specific surface area of the examined sample
was 20.2 m?/g, while the total pore volume was
found to be 0.025 cm®/g. Meanwhile, these values
reach 13.8 m%*g and 0.017 cm’/g for the
0.1Ag-NTO sample, respectively. These results
demonstrate that Ag—FTO has better adsorption
capacity than the Ag-NTO.

)
8 1 0.5Ag-NTO
o
'—
5 -
®
[0]
£
E
S
0.5Ag-FTO
0.0 02 04 06 08 1.0

Relative pressure, P/P,

a

Fig. 4. SEM images of samples: 0.5Ag—FTO (a), 1.0Ag—FTO (b), 0.5Ag—NTO (c), 1.0Ag-NTO (d).

The absorbed wavelength and the band
gap energy of the catalysts were determined by
UV-Vis spectroscopy and the Tauc plot. The
obtained results show that there is almost no
difference in absorption wavelength and band gap
between Ag-added samples. Specifically, for the
Ag-FTO samples (Fig. 6a), it can be seen that
the absorbed light band and band gap energy
form two different regions: the first region has an
absorption wavelength range in the range of
630—633 nm corresponding to a band gap energy
of 1.96-1.97 eV. The second region has an
absorption wavelength range of 493-496 nm
corresponding to a band gap energy of 2.50—2.52 eV.
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Fig. 5. N, adsorption-desorption isotherms (a) and pore size distribution (b) of 0.5Ag-FTO and 0.5Ag-NTO samples.
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Fig. 6. UV-Vis diffuse reflectance spectra and Tauc plot of the Ag—FTO (a) and Ag—-NTO (b) samples.

According to previous studies [8-10], Fe, TiO,
has a band gap energy of 1.9-2.1 eV (corresponding
to an absorption wavelength of about 590—650 nm),
which is consistent with the first band data;
meanwhile, silver has an absorption wavelength
in the range of 400—500 nm (band gap energy in
the range of 2.4-3.1 eV) [23], which is consistent
with the second band parameters. The appearance
of two absorption wavelength regions and band gap
energies is similar for Ag-NTO samples (Fig. 6b).
In which, the first region corresponds to
411-414 nm and 3.0-3.02 eV; and the second region
is 504-406 nm and 2.45-2.46 eV, respectively.
According to author [13], NiTiO, has a band
gap energy of about 3.0 eV, which is consistent
with the first band results of the catalysts, while
the second is also compatible with the absorption
region of silver. It can be concluded that the
combination of silver with Fe, TiO; and NiTiO,
leads to the appearance of a smaller frequency band,
which increases flexibility in the light absorption
of the material. It can be found that the Ag—-FTO
materials with bandgap absorb light and bandgap
better than the Ag—NTO samples. This is an essential
property of photocatalyst materials, which can lead
to their improved activity.

The antibacterial properties of the samples
were determined by their minimum inhibitory
concentration (MIC). Five types of bacterial including
E. coli, P. aeruginosa, Salmonella, and S. aureus
were used in this study. The exponential phase of
bacteria was observed to be delayed in the presence
of samples; this phenomenon was more obvious
with the rise of Ag—FTO and Ag—NTO concentrations
(Fig. 7). The samples were able to inhibit the
exponential stage of both gram-negative and
gram-positive bacteria. The MIC against B. cereus,
E. coli, P. aeruginosa, Salmonella, and S. aureus
of Ag-FTO and Ag-NTO samples are described

in Table. Here it can be seen that the
0.5Ag-FTO were able to completely inhibit
the growth of B. cereus, E. coli, P. aeruginosa,
Salmonella, and S. aureus at a similar MIC of 1.25,
0.31, 1.25, 1.25, and 2.50 pg/mL, respectively. The
almost doubled MIC value when increasing the
silver content up to 1.0% for the Fe,TiO; samples

(1.0Ag-FTO) demonstrates  their  enhanced
antimicrobial activity with the addition of
silver. Meanwhile, the antibacterial ability of

0.5Ag-NTOprovedtobelowerthanthatof0.5Ag-FTO
with MIC values of 5.00, 2.50, 2.50, 2.50, and
5.00 pg/mL respectively. A similar phenomenon
was observed for the 1.0Ag—FTO sample with
an improvement in antibacterial activity with
increasing Ag concentration. It is clear that
the Ag-FTO samples exhibit much higher
antibacterial activity than Ag—NTO due to the better
dispersion of silver nanoparticles on the Fe,TiO,
surface (shown by their physicochemical properties).
The synthesized samples in this study were shown
to be more effective against the negative bacterial
(E. coli, Salmonella, and P aeruginosa) as
compared to the positive bacterial (B. cereus
and S. aureus). These results were the agreement
with previous reports [24, 25] when assuming
that the gram-negative bacteria had thinner cell
walls than the gram-positive bacteria; thus, the
antibacterial materials can more easily penetrate
and inhibit gram-negative bacteria.

As compared to some similar earlier
reported  materials, the obtained materials
exhibit superior antibacterial ability. Specifically,
silver nanoparticles (AgNPs) synthesized using
Acalypha indica leaf extract had an MIC of
10 pg/mL against E. coli and Vibrio cholera
(V. cholera) [26], while LaAlO, perovskite
nanoparticles had an MIC of 63 pg/mL against
gram-negative bacteria P. aeruginosa [27] and
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Fig. 7. Minimum inhibitory concentrations of 0.5Ag-FTO (a), 1.0Ag-FTO (b), 0.5Ag-NTO (c), 1.0Ag-NTO (d)
samples against five bacteria.

Table. Minimum inhibitory concentrations (MIC) on samples against five bacteria

MIC (ug/mL)
Bacteria
0.5Ag-FTO 1.0Ag-FTO 0.5Ag-NTO 1.0Ag-NTO
Baccilus cereus 1.25 0.63 5.00 2.50
Escherichia coli 0.31 0.31 2.50 1.25
Pseudomonas aeruginosa 1.25 0.63 2.50 1.25
Salmonella tophi 1.25 0.63 2.50 1.25
Staphylococcus aureus 2.50 1.25 5.00 2.50

the modified perovskite material LaCo, Fe O,
showed an MIC of 63 pg/mL against two bacteria
S. aureus and P aeruginosa [28]. Studies on
perovskite materials and silver nanoparticles
have shown effective bactericidal ability against
both gram-negative and gram-positive bacteria.
Perovskite-like materials combined with silver not
only release metal ions Fe**, Ni**, Ti** but also Ag"
ions having a positive charge, causing electrostatic
attraction with negative charge of bacterial cell
membrane. As a consequence, ionic particles
easily adhere to cell walls and membranes, changing
the membrane structure to destroy the bacterial
cell [29, 30].

CONCLUSIONS

In summary, Ag-added Fe,TiO; and NiTiO,
nanomaterials were successfully synthesized by

biosynthesis combined with the sol-gel method.
Well-distributed silver nanoparticles on Fe,TiO,
and NiTiO, surfaces on a nanoscale and with a
low band gap were observed for the samples.
The antibacterial efficacy of Ag-FTO and
Ag-NTO  samples has been demonstrated
through excellent inhibition against B. cereus,
E. coli, P. aeruginosa, Salmonella, and S. aureus
with  the low MIC minimum inhibitory
concentration due to the excellent dispersion of
Ag on the surface of the perovskite. At the
same time, the Ag-FTO samples also showed
much better antibacterial activity than the Ag—NTO
samples as a result of the excellent dispersion of
Ag on the Fe,TiO, surface. Hence, according
to the findings of this research, the use of

Ag-FTO nanomaterials may suggest potential
applications in disinfection and sterilization
applications in future wastewater treatment

approaches.
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Abstract

Objectives. To quantitatively describe the thermochromic properties of films of isotactic
polypropylene, a large-tonnage polymer widely used in the production of flexible packaging for
goods and foodstuffs, as well as substantiate the possibility of covert labeling of transparent
packaging.

Methods. Differential scanning calorimetry, polarization photometry, infrared Fourier
spectrometry, gravimetry, temperature control, physical and mechanical strength testing.
Results. The identified thermochromic effect of dichroism in polarized light on industrial samples
of transparent biaxially oriented film of isotactic polypropylene was studied. A change in the
phase composition of the film-forming composition during short-term heating during marking was
established. The absence of heat shrinkage and change in transparency in non-polarized light
was shown, which provides the possibility of hidden recording of information and its contrast
manifestation in a passing light stream at a certain arrangement of light filters.

Conclusions. The causes and optimal conditions of the thermochromic effect are established.
It is proposed to use local contact heat treatment of a polypropylene film for covert recording of
information and marking of product packaging in order to protect against counterfeiting.

Keywords: oriented film, polarized light, heat treatment, isotactic polypropylene, differential
calorimetry, dichroism, color difference, hidden marking
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CkpbITasi MAPKMPOBKA NMPO3PAYHOI MJIEHKH MOJUNIPONNJIEHA
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Mocrkosckuii noniumexHuueckuil ynusepcumem, Mockea, 107023 Poccust
¥ Aemop ona nepenucku, e-mail: nikolaevaleksandrl992@gmail.com

AHHOMAyuUst

Ienu. KonuuecmeeHHO onucams mMepmoXpoMHble C80UCMEa N/IeHOK U30MaKmuueckoz0 NoJu-
nponunieHa — KPYnHOMOHHAIHO20 NOAUMEPA, UWUPOKO UCNONb3YeM0o20 8 npousgoocmae 2ubrkoil
YnarKosKu moeapos u npooyKmoe nNumaHust, U 060CHO8AMb 803MOIHOCMU CIKPbLMOT MAPKUPOS-
KU NPO3paUHOll YnaKosKu.

Memoowut. /[udphepeHuuanbHas CKaHUPYOWAs KAA0PUMEMPUs, NOJISPUSAUUOHHASL homome-
mpusi, UK dypoe-cnexmpomempust, epagumempust, mepmocmamuposarue, pusuko-mexaruue-
CcKUe UCNbIMAHUSL, 8 MOM UUC/e NPOUHOCTU.

Pesynomamet. O6HapysKeH U UCCIe008AH MEPMOXPOMHDBLU dhhexm ouxpousma 8 NoAsPU30-
B8AHHOM ceeme HA NPOMBLUIEHHbIX 06pA3UaX NPO3PAUHOT 08YOCHOOPUEHMUPOBAHHOU NJIEHKU
U30MaKMuUUecKkozo NOAUNPONUNEHA. YCMAHO8NEHO USMeEHeHUEe (Pa308020 cOCMA8A NIEHK00bpa-
3yroweli KOMNO3UYUU 8 npoyecce KpamiKospemeHH020 Hazpe8aHust npu mapkuposike. ITokasaHo
omcymecmeue mepmoycaoku U UsMEeHeHUS. NPO3PAUHOCMU 8 HENOIPUI08AHHOM ceeme, obeche-
yusaruiee 803MOIHOCMb CKPbLMOU 30NUCU UHGOPMAYUU U ee KOHMPACMHO20 NPOS8AEeHUS
npoxoosiugem nomorxe ceema npu onpedeseHHOM PACNoIOIKEeHUU C8eMopuUIbMpPOs.

Bble00bl. YCmAaHo8eHblL NPUUUHBL U ONMUMAIbHbLE YCI08USL MEPMOXPOMHO20 dhpexma. TIpeo-
JIO2KEHO UCNO/Ib308GMb JIOKAIbHYIO KOHMAKMHYK Mepmoobpabomiy NaeHKU NOAUNPONUIEHA
O/t CKpbLMOtll 3aNUCU UHPOPMAUUL U MAPKUPOBKU YNAKOBKU MO8APO8 U NPOOYKMOE C Uesbio
sawumst om noooenokK.

Knroueeble cnoea: opueHmupo8aHHasl NAEHKA, NOJSPU30BAHHbLIL ceem, mepmoobpabomka,
uzomaxmuueckuil. NOAUNPONUNEH, OUpepeHUUANIbHASL KAJopuUMempust, OUXpoU3IM, UBemoegoe
paznuvue, CKpblmasi MapKuposKa

Jna yumuposanusa: Huxomaes A.A., Kongpato A.Il. CxpeiTasgs MapKupoOBKa MPO3PAYHON TIJICHKHU MOTUMPOTHIICHA.
Tonkue xumuueckue mexronozuu. 2022;17(4):346-356. https://doi.org/10.32362/2410-6593-2022-17-4-346-356

INTRODUCTION unique products from counterfeiting that do not

require the use of expensive materials [1]. The

The central problem of innovative materials
science for mass—demand products is the
optimization of the ratio of the price of the
material and the product result of its use in
industrial production. The pleochroism effect in
anisotropic polymer films can become the basis
of new technologically sophisticated methods of
protecting marketable products and packaging of

pleochroism effect of polyolefins has previously
been studied in multilayer polyethylene films used
for food packaging, as well as in direct contact with
rapidly perishable products. Several layers of a film
of the same polymer, layered and glued together,
and the resulting color effects in polarized light
make it possible to apply such a technology to create
coding according to the Microsoft Tag system [2—4].
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In the works presented earlier, it was proposed
to use multilayer polymer films to obtain
identification and protective elements on goods of
value. These elements are used both in the visible
light range of 400-700 nm, but at different viewing
angles, and in the infrared and ultraviolet ranges
using special devices and auxiliary elements
(polarizers, light sources in the wavelength range
of 360-400 nm, etc.) [5—8]. Patent sources describe
high-cost and material-intensive, but similar
in technology, methods for marking multilayer
birefringent films [9].

In this paper, an experimental substantiation
of the possibility of labeling polypropylene film
packaging by short-term local heat treatment
under pressure using industrial equipment for
thermal welding of thermoplastic polymers and
thermogravimetry is proposed [10]. With a local
thermal effect on the film with a certain periodicity
and frequency of repetition of heat treatment along
the length or width, its properties change, and
the homogeneous film material becomes interval.
To clarify and further use the term “interval
material,” it should be indicated that this term
refers to a special case or one of the variants of
the implementation of the so-called “gradient”
polymers. This term was first introduced by
A.A. Askadsky in reports at conferences on the
results of theoretical and experimental work on
the technology of inhomogeneously crosslinked
elastomers, after which he received international
recognition [11]. Periodicity or frequency, size
and amplitude, differences in the properties
of intervals can act as a key in recording and
reading information and be wused in labeling
packaging. If the difference in the properties of the
intervals is not visually determined, but requires
a special light source, a method of illumination,
or the use of polarizers [12], then such interval

a

materials are promising in lighting engineering
[8], technology of hidden optical and relief
marking [13], and the fight against counterfeiting of
packaged products or goods [9].

MATERIALS AND METHODS

The objects of research were commercial samples
of a biaxially oriented “sleeve” film of isotactic
polypropylene (Bureaucrat, Russia and Business
Center, Russia) with a thickness of 22 £ 1.5 pm
(hereinafter BOPP-22) and a thickness of 105 +£2 um
(hereinafter BOPP-105), respectively.

To assess the mechanical properties and
calculate the possible anisotropy of the films,
the tensile strength was measured at a constant speed
of 50 mm/min in accordance with GOST 11262-2017
(ISO 527-2:2012") .

In order to assess the internal stresses and control
the shrinkage of films at a temperature corresponding
to the temperature of thermomechanical processing,
in the process of marking and obtaining samples
of interval materials, a laboratory technique and
specialized equipment have been developed to
prevent warping and sticking of the film when
heated to the melting point of polypropylene. The
technique involves the production of an envelope
with an anti-adhesive Teflon coating, inside which
film samples of 50 X 50 mm are placed. An envelope
with a sample of polypropylene film is heated
on the surface of the molten Wood alloy to a
temperature of 150°C for 5-50 s.

To evaluate the optical properties of the
film in transmitted polarized light, a viewing table
[14] modified to produce polarized light was used
(Fig. 1). The light source was a light-emitting
diode strip with a luminous intensity of 300 Im
and a color temperature of 6500 K. In order to

Fig. 1. Viewing table: (a) schematic representation; (b) top view (photo).
1 — polarizer; 2 — analyzer; 3 — polypropylene film; a is the angel of rotation of the polypropylene film.

'ISO 527-2:2012. Plastics — Determination of tensile properties. Part 2: Test conditions for mouldings and extrusions plastics.

Publication date: 2012.02.
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polarize the light, a general-purpose polarizer
with a single permeability of 44.5%, a polarization
effect of 95.8% (Nitto, Japan) was used. Shade a is
N-bromosuccinimide (NBS) 25 — (-1.6), shade b is
NBS 25 - (-0.9).

The description of optical effects following heat
treatment and measurement of film color parameters
in transmitted light were carried out from photographs
obtained in room (laboratory) conditions under
different lighting conditions using a 12 MP camera
and a Display P3 color profile.

The color effect was evaluated by the color
coordinates of the equal-contrast color evaluation
system L*a*b*, as well as by the magnitude of the color
difference AE!,:

AE,, = (L, - L) +(d; —a ) +(b; —b ),

where L* is lightness, a* are coordinates of the red-
green shade, b* are the coordinates of the yellow-
blue hue, according to the CIELab color space (more
precisely, CIE 1976 L*a*b* or CIE-76).

The color coordinates L, a, b were measured
from photographs in Adobe Photoshop software
(Adobe Systems, USA) at 10 points of the field with
the calculation of the average value. The photo was
opened in the program using the built-in DisplayP3
color profile. Without changing the color profile in
the photo, the Eyedropper tool selected 10 arbitrary
points, which correspond to the color coordinates of
the L*¥a*b* system.

To measure thermochromic effects, several
series of 5 samples of two types were prepared.
Rectangular samples of 30 x 50 mm in size were
cut from polypropylene films with a thickness of
22 £ 1.5 pm and 105 + 2 pum in mutually
perpendicular directions both along the direction
of the predominant orientation of macromolecules
(maximum strength) (Arrow 1) and perpendicular
to the direction of the predominant orientation of
macromolecules (Arrow 2) (Fig. 2).

Fig. 2. Preparation of a biaxially oriented
polypropylene film (=),
Arrow 1 is the direction of preferential orientation macromolecules,
Arrow 2 is the perpendicular direction (L1).

Color difference, AE

To determine the optimal mode of observation
and optical measurements, the dependence of the color
difference of adjacent film intervals on the location of
the sample between the polarizers in a crossed (closed)
position with a step of 15° was investigated (Fig. 1a).
The condition for photofixation of the maximum
thermochromic effect was established based on the
results of optical measurements and calculation of the
color difference of adjacent film intervals (Fig. 3).

30

N

20

0 10 20 30 40 50 60 70 80 90
Angle of rotation a,°

Fig. 3. Dependence of the color difference intervals
in a polypropylene film 105 £ 5 pum thick on the angle
of their arrangement between polarizers.

The greatest color difference is observed
when the film sample is rotated by 45° relative
to the polarizers, and the smallest when rotated
by 0° and 90°. Based on this effect, then the
position of 45° of the film in relation to the
polarizers will be called active, and when located at
0° or 90°— inert.

Short-term (<1 s) thermomechanical treatment
was performed on a laboratory heat-welding stand
of the HSE-3 brand (RDM Test Equipment, Great
Britain) under a pressure of 0.2 MPa (30 psi).
Cooling took place spontanecously on the surface
of the table at the temperature of the laboratory
room under the same conditions for all samples.
The stand for welding films in automatic mode
uniformly and uniformly compresses the flat
surfaces of the heater.

Thus, objects for the study of optical properties
and thermochromic effects were obtained: two
types of samples of interval films with a
thermomodified structure of intervals periodically
repeating along their length and located in
mutually perpendicular directions along or across
the direction of the predominant orientation of
polypropylene macromolecules.
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A differential scanning calorimeter (DSC) was
used to evaluate the crystal structure of interval
polypropylene films with a thermomodified
structure DSC 204 F1 Phoenix (NETZSCH,
Germany). Diagrams in the DSC sensor signal—
temperature  coordinates  were  obtained  at
a heating rate of 10°C/min.

The chemical composition of the film was
studied by the method of multiple disturbed
total internal reflection on the FSM 2201/2202 IR
Fourier spectrometer (/nfraspec, Russia) using
spectrum libraries: HR Specta Polymers and
Plasticizers by ATR, HR Hummel Polymer and
Additives, Hummel Polymer Sample Library,
Synthetic Fibers by Microscope and HR Nicolt
Sampler Library.

RESULTS AND DISCUSSION

Earlier [15, 16], it was shown that when
natural sunlight and light obtained using modern
indoor lighting systems pass through a “polarizer—
multilayer polymer film (Stoletov’s foot)—polarizer”
system, the pleochroism effect is observed, providing
a significant color difference between films
having different number of layers. The color and
quantitative parameters of the polarized light
passing through the multilayer package depend
on the chemical composition of the film-forming
polymer, the structure and the presence of internal
stresses in the films. The brightest colors were
found on shrink films made of glassy polymers—
polystyrene and polyvinyl chloride obtained
by uniaxial orientation extraction, which is
characterized by a high level of internal stresses
and thermostimulated shrinkage of up to 60%.
The macromolecular disorientation and reduction

of internal stresses by heat treatment affects the
intensity of the pleochroism effect, which is
proposed for use to record information and
hidden labeling of film packaging made of these
polymers [3, 4].

Since most industrially produced films
of 1isotactic polypropylene widely used in the
production of flexible packaging of goods and
food do not demonstrate the pleochroism effect
when assembled multilayer materials, they cannot
be used in hidden labeling. The absence of optical
activity of polypropylene films may have been
associated with a low level of internal stresses,
insufficient anisotropy or orthotropy of the films.
However, it is reasonable to assume that when
polypropylene films are heated to a temperature
close to the melting temperature range,
recrystallization and/or disorientation of macro-
molecules will occur. This would allow optical
marking of films in the form of “watermarks” that are
visually distinguishable in polarized light.

Before searching for technological ways of
optical marking of transparent polypropylene
packaging, the presence of internal stresses in
the studied samples was evaluated by the magnitude
of shrinkage and anisotropy of mechanical properties,
which are known factors determining the effects of
dichroism or pleochroism [17].

The results of the strength tests of the films
and the assessment of shrinkage at a temperature of
150°C are presented in Table 1.

While the samples of isotactic polypropylene
film differ in thickness by 5 times, both samples are
anisotropic. The fact that the tensile strength of the thin
film in the direction of the predominant orientation of
macromolecules exceeds the strength of the film having
athickness of 105 pum by almost 2 times is a consequence
of the extrusion effect and a greater multiplicity of

Table 1. Mechanical properties of polypropylene films in mutually perpendicular directions

Film (thickness, pm) BOPP-22 BOPP-105
Die cutting direction 1(= 2@ 1= 2
Tensile strength, MPa 67+2 41+2 45+2 25+2
Strength anisotropy 1.63 1.8
Thermal shrinkage of the film, % 2+0.5 2+0.5 2+0.5 2+0.5
Degree of crystallinity, % 44.4 37.6
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extraction during its manufacture. The anisotropy of
the mechanical properties of the films as determined
by the ultimate strength is 60-80%; however, this
does not significantly manifest itself during heat
shrinkage.

Since industrial grade polypropylene macro-
molecules have deviations from isotacticity and
different average lengths, as well as forming
defective crystals that correspond to different
melting temperatures [17], it is reasonable to expect
a change in the structure and optical characteristics
of films and the intensity of the dichroism effect
when they are heated in the temperature range below
the average melting temperature of isotactic
polypropylene. Local heat treatment in the
temperature range below the average melting point
of isotactic polypropylene is considered in this study
as a method for hidden optical marking of the film
since it is unlikely to affect the shape and overall
dimensions of a package or label of a thermally fixed
film or cause their noticeable warping.

For testing, the temperature interval of the metal
heat transmitter was selected by contact heat exchange
from the maximum temperature of the product
packaged in the film to the melting temperature of
the polymer; here, the time intervals of their contact
were comparable to the time of the packaging in
high-performance packaging equipment that seals the
packaging with thermal welding and/or labeling.

Thermomechanical processing of samples of
polypropylene film with a thickness of 105 + 2 pm
at a temperature of 120°C and under a pressure of
0.207 MPa (30 psi) for 0.5 s led to a noticeable
change in the lightness of the sample in polarized
light. Since the heat-treated area of the film sample
(hereinafter referred to as the modified interval)
scatters the passing stream of polarized light, it has
a lighter shade in the photo (Fig. 4). When varying
the angle at which the interval film sample is
positioned between two polarizers in a crossed
(closed) position, a visually noticeable lightening

of the modified film interval is observed while
preserving the color of the unmodified part (Fig. 4).

The dichroism in the sample of the poly-
propylene interval film may be explained in terms
of a change in the supramolecular and/or crystal
structure of the orthotropically oriented film
extract at different temperatures or the chemical
composition of the film-forming polymer due to
heating in contact with the metal electrode of the
welding unit under pressure.

To separate the influence and quantification
of thermal, mechanical and chemical (prescription)
factors on the optical properties of the film, interval film
samples were studied by IR spectroscopy, gravimetry
and differential scanning calorimetry (DSC).

It was found on the IR spectrometer that in
both samples of the polymer film there may be
an impurity of the low molecular weight olefin
fraction (Fig. 5a), which after heating from the film
to 130-150°C is removed and not identified on
the surface of the film (Fig. 5b).

The sublimation of the component from the
polypropylene film can be confirmed by comparing
the masses of the films before and after heating
on high-precision scales. Pre-prepared samples
(20 pieces with a total weight of about 5 g) are
weighed on analytical scales of various designs
with an accuracy of up to 4 digits and placed in a
preheated thermostat. After thermostating, the total
mass of the film samples decreased by an average
of 0.003 g, which is an order of magnitude higher
than the mass measurement error.

Based on the gravimetry of the film samples
before and after thermostating, it can be assumed
that this component of the thermoplastic
composition of  isotactic  polypropylene is

sublimated during heating (with hidden labeling),
which affects its optical (color) characteristics.
This assumption is confirmed by the DSC result
(Fig. 6). On the endothermic
samples

DSC curves of

following thermomodification in the

Fig. 4. Dichroism effect in a sample interval polypropylene film in transmitted polarized light when film sample is
located relative to polarizers at angles 15° (a) and 45° (b).
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942 89.71 Polypropylene, isotactic 942 91.66 Polypropylene, isotactic
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943 87.31 Polypropylene, atactic 67 89.85 Polypropylene, isotactic
129 86.24 Olefin 1061 86.94 Poly(propylene:butanone), 2:1
566 86.22 Polypropylene, atactic 41 86.52 Polypropylene, atactic

Fig. 5. Identification of the IR-spectra BOPP-105 film: (a) before heat treatment; (b) after heat treatment.

low temperature range (60-80°C), the endopic
“disappears.” The “disappearance” of the endopic
on the DSC diagrams at 60-80°C reflects the
sublimation, pre-polymerization and crystallization
of olefin. The degree of crystallinity increases
one and a half times from 37% to 57%. The
added crystallinity appears to be defective and
represents  small  supramolecular  structures
scattering the polarized light flux passing through
the modified sections of the film.
According to the DSC diagrams
the temperature interval at which
treatment of the polypropylene film can
cause maximum color change and provide
contrast of adjacent intervals in polarized light

(Fig. 6),
the heat

is selected. For isotactic polypropylene, this film
temperature range is 60—100°C. However, taking
into account the high thermal resistance of the
contacting surfaces and the need to minimize
the contact time of the marked film and the
heating tool to increase the productivity of the
process, the temperature range of 60-170°C was
investigated.

The marking result is presented in the form
of photographs of fragments of transition zones
and modified intervals obtained in transmitted
polarized light on film samples with a thickness of 22
+ 1.5 pm, cut in direction 1 (Tables 2 and 3). Similar
results were obtained on a film with a thickness of
105 £ 2 pm.
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DSC, mW/mg

1 exo

Area: -78.05 JI/
Crystallinity: 37.35% 9

Area: -13.75 J/g
Rz 7

20 40 60 80 100 120 140 160 180
Temperature, °C

a

DSC, mW/mg

1 exo

Crystallinity: 36.70%  Area: =76.7 J/g

-1.2 Peak: 163.4°C, —1.284 mW/mg

20 40 60 80 100 120 140 160 180
Temperature, °C

b

Fig. 6. Differential scanning calorimetry diagrams of polypropylene films:
(a) before heat treatment; (b) after heat treatment.

Table 2. Color difference of intervals in a BOPP-22 polypropylene film with active a = 45° arrangement of samples (Fig. 3)

Temperature, °C 60 70 80 90 100 110
R ] | S — o SRR
Visual evaluation of the effect é 4 ! ; ! ! ;
T i 1] | _omra
Color difference, AE 0 1.86 15.73 24.81 32.51 33.80
Temperature, °C 120 130 140 150 160 170
] R RS _ L O — e )
Visual evaluation of the effect ‘
[ES—_—— i - EE————— ] ] T
Color difference, AE 47.51 48.80 53.80 39.14 32.39 30.90

From the fragments of photographs and the
values of the color difference of adjacent intervals,
a color change in the transmitted polarized light
is already observed following heat treatment with
the active arrangement of the film starting from
70°C; however, the value of the color difference
is lower than necessary for the sensitivity of the
human eye [3, 4]. The maximum color difference
of the adjacent intervals of the polypropylene

film with a thickness of 22 pum observed at a
temperature of 140°C is 53.8. A similar change
in the optical properties of the film after heat
treatment is also observed at the inert position of
the interval film samples between polarizers, but at
higher temperatures. The maximum color difference
as a result of short-term contact (0.25 s) reaches
59 at a temperature of 170°C, i.e., in the middle
of the melting interval of polypropylene
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Table 3. Color difference of intervals in a BOPP-22 polypropylene film with an inert o = 90° arrangement of samples (Fig. 3)

Temperature, °C 60 70 80 90 100 110
Visual evaluation of the effect . . . . . .
Color difference, AE 0 0 0 2.11 1.94 3.15
Temperature, °C 120 130 140 150 160 170

Visual evaluation of the effect

I | l‘

Color difference, AE 0.94 12.03

9.78 57.68 57.53 59.00

crystallites [17]. At the same time, the maximum color
difference of adjacent intervals of the polypropylene
film with a thickness of 105 pm significantly
depends on the location of the samples between the
polarizers (Fig. 7).

50

N
o

w
S

N
o

60 70 80 90 100 110 120 130 140 150 160 170
Temperature, °C

Fig. 7. Color difference between adjacent intervals
of a polypropylene film (BOPP-105) after thermal
marking with active o =45° (1)
and inert o = 90° (2) arrangement
of samples polarizers.

Since a further increase in temperature or an
increase in processing time does not increase the
color change, the most effective treatment mode
for polypropylene film with a thickness of 22 pum
is 130°C for 0.1 s. However, at 130°C, the film
softens and can stick to the processing equipment;
therefore, it is recommended to either reduce
the exposure time to 0.05 s or process the film at
125°C for 0.1 s.

CONCLUSIONS

The possibility of changing the color of a
transparent biaxially oriented “sleeve” film of
isotactic polypropylene in passing polarized light
using the thermochromic effect for hidden labeling
of transparent packaging by short-term local heat
treatment is demonstrated. Heat treatment of
a biaxially oriented isotactic polypropylene
film stimulates partial removal and prolonged
amorphization of the low molecular weight olefin
fraction without heat shrinkage, changes in the
degree of crystallinity and average melting point
of the crystal structure.

The optimal temperature-time conditions for
the contact treatment of the film with a tool heated
to a temperature below the melting point of isotactic
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polypropylene have been established to obtain
the maximum color difference between adjacent
sections of the treated and untreated film.

The demonstrated significant dependence of
the color difference of adjacent polypropylene film
intervals on the location of the heat-treated film
section between crossed polarizers can be used
in the instrumental design of a new method for
identifying thermochromic labeling of transparent
polymer packaging.
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Abstract

Objectives. There is considerable economic demand for products obtained by processing
phosphogypsum. In particular, calcium sulfide-based materials having luminescent properties
are the object of intensive study due to the wide range of possibilities for their use. The alloying
of the structure of calcium sulfide with cations of rare earth elements leads to the appearance of
a glow having various colors. However, the high cost of such phosphorescent materials is due to
the high chemical purity of the reagents required for their synthesis. The development of efficient
methods for obtaining calcium sulfide-based luminescent materials from phosphogypsum is
part of an integrated approach to solving the problem of synthesizing economically demanded
materials from production waste.

Methods. The synthesized materials were studied using X-ray phase analysis and scanning
electron microscopy. Photos of the samples were taken under illumination with an incandescent
lamp or a fluorescent ultraviolet lamp.

Results. According to X-ray phase analysis, phosphogypsum is mainly comprised of calcium
sulfate dihydrate and calcium sulfate hemihydrate. Heat treatment of a phosphogypsum sample
at a temperature of 1073 K is accompanied by the formation of anhydrous calcium sulfate. In the
presence of a reducing agent, a composite material is formed containing a phase of anhydrous
calcium sulfate and calcium sulfide. Due to the calcium sulfide content, phosphogypsum has
luminescent properties when heat-treated in the presence of various reducing agents, including
activated carbon, wood charcoal, vegetable oil, citric acid, starch, and sucrose.
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Conclusions. Optimal technological conditions for obtaining a composite material exhibiting
luminescent properties are revealed. The successful synthesis of phosphor from without non-
pretreated phosphogypsum is demonstrated. Optimal technological conditions for obtaining a
composite material exhibiting luminescent properties are as follows: heat treatment temperature
is 1073-1173 K; isothermal holding time is 60 min; reducing agent quantity is 37-50% (mol).
The study results are widely applicable to processing wastes obtained from large-scale chemical
production involving the production of a highly demanded inorganic product.
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Texnosiorusi nepepadorkm gocdorurnca
B JIIOMUHECIHEHTHBIN KpacuTe/Ib HA OCHOBE CYJIb(hM/Ia KAJIbIHSI

O.A. Meaeunuxkos'’, H.II. Illabeabckas

FOpxro-Pocculickuti eocyoapcemeeHHblil nonumexHuveckuii ynugepcumem (HITH) umernu M.H. TThamoea,
Hoeouepracck, 346428 Poccus
MAemop ons nepenucku, e-mail: monomors@yandex.ru

AHHOMAQuus

IMenu. Mamepuanvl ¢ JIOMUHECUEHMHBIMU CE0UCMBAMU HA OCHO8E CYabPuia KANbUUS
SABASIOMCSL 06bEKMOM UHMEHCUBHO020 U3YUEHUSL 88UOY WUPOKO020 KpYyaa 803MONHOCMeET UX
ucnoavzogarus. Aezupogarue cmpykmypol cyabpuoa Kanbyusi KAmMmuoHamMu peoKo3emeslb-
HblX 9/leMeHmo8 Nnpueodum K NOs8leHUI0 ceeueHusl pasauuHol oxpacku. Curnme3 nodob-
HblX MAMEePUAIO8 OCYULeCMEAIIOM U3 XUMUUECKU UUCMbLX peaKmueog, umo npugooum K
8blLCOKOlL cmoumocmu JroMUHogopos. Paspabomka cnocoba nonyueHus JIOMUHECULEHMHO20
Mmamepuaia Ha ocHoge cYnbduoa Kanbyus us gpocgozunca seasiemcesi akmyanbHol 3adauetl
XUMUUECKOT MexXHO02UU, NO38ONsIIOULEll OCYUEeCME8UMb KOMNAEKCHBLI N00X00 K peuleHuUro
npobnembl NONYUEHUSL IKOHOMUUHBLX BOCMPEebO8AHHbIX MAMEPUAIO8 U3 0MX0008 Npoussoocmaa.
Memoost. CuHmesuposaHHble mMamepuaibl OblLIU USYUEHbL C NOMOULLI0 PEHM2eHOpa308020
aHanusa, pacmpogoli s1eKmpoHHOU Mmukpockonuu. domozpaguu 06pasyuos 8blNONHANU NPU
oceeweHUU 1AMNOU HAKANUBAHUSL UNU JIHOMUHECUEHMHOU YAbmpagdhuonemoagoii 1amnot.

Pesynomameot. CoznacHo 0aHHbIM peHmeeHogha308020 aHANU3A, hocchozunc npedcmaasisiem co-
6017l 08YBOOHUbLIL cysnbham KaNbUUsl U NOAYBOOHbLI cynrbcham kanvyus. Tepmoobpabomka npu
memnepamype 1073 K obpasua gpocghoeunca conpogorkoaemest obpazoearuem 6e3800H020 CYib-
ama Kanvyusl, 8 NPUCYmMCmeul 80CCMAHO8UMENL NPOUCX00UM 06paso8aHue KOMNO3IUYUOH-
HO20 Mmamepuana, cooeprkauiezo ¢pasy 6e3800H020 cyibhama Kantbyus U cyabduoa Kanbyusl.
TepmoobpabomarHblll 8 npucymemauu psida eoccmarogumesieli — aKmueupo8aHHo20 Y,
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b6epe308020 yansi, pacmumenbH020 MACAA, JUMOHHOU KUCIOMbL, KPAXMANLA, CAXapo3bl — ¢hoc-
¢ozunc obnadaem cnocobHOCMbIO K JIOMUHECUEHUUU, 00YC/N08/IEHHOU Haluuuem cyabguoa
Kanbyusi.

BbLe00bl. Bbisig/ieHbl ONMUMAIbHbIE MEXHO02UUEeCKUE YCA08USL NONYUEHUSL KOMNOSULUOHHO20
Mmamepuana, NPosieasou,ezo armMUuHecyeHmHble ceolicmea. IlokasaHo, umo 0asi cuHmesa
JHOMUHODOPA HauboNee YOaUHbLM SBASLEMCSL UCNOb308AHUE pocchozunca be3 npedsapumesio-
HolUl obpabomku. OnmumanbHble MExXHON02UUeCKUE YCN08USL NOAYUCHUSL KOMNOSUYUOHHO20
Mmamepuana, NPosi8asiouLe20 JIMUHEeCYeHmHble ceolicmaa: memnepamypa mepmoobpabomru
1073-1173 K, npodosiskumenbHOCMb usomepmudeckoll gbloepikku 60 MUH, KOAUUECMB0 80C-
cmanogumensi — 37-50 mon. %. I[IpogedeHHoe uccredogaHue omKpbleaem ULUPOKUE 803MOIN-
Hocmu nepepabomrKu omxo0a MHO2Z0MOHHAIHO20 XUMUUECK020 NPOouU38o0Cmaea ¢ noayueHuem
8ocmpebo8aHHO20 HEOP2AHUUECK020 NpooyKma.

Knroueevte cnosa: @OC@OZLLT‘LC, mepmuuecKoe soccmaHoessieHue, JIIOMUHeCyeHmHble mamepuasiol,

cybpud Kanbyus

Jlna yumuposanusn: Meneunuko O.A., [lla6ensckas H.IT. Texnonmorus nepepaboTku Gocdorurca B TIOMUHECIECHTHBIN
KpacHuTelb Ha OCHOBE CyJbduaa kanblius. Toukue xumuueckue mexnonozuu.2022;17(4):357-368. https://doi.org/10.32362/2410-

6593-2022-17-4-357-368

INTRODUCTION

Modern technologies for extracting inorganic
materials exert increasing environmental pressures.
One of the most actively developing industries
involves the production of mineral fertilizers. In
particular, phosphogypsum is formed from apatite raw
materials during the production of phosphoric acid
for further processing into phosphorus-containing
fertilizers. However, large-scale phosphogypsum
dumps occupying significant areas involve a serious
burden on the ecosystem [1, 2]. Thus, developing the
foundations of methods for processing such inorganic
production wastes is an urgent chemico-technological
task. Currently, phosphogypsum byproducts are
mainly reused for building materials—wall panels,
dry mixes, etc. [3—5]—and in the production of
fertilizers [6, 7]. The accumulated reserves of
phosphogypsum can be equated to natural resources
with zero extraction costs. In this regard, it is relevant
to study the possibility of processing phosphogypsum
to obtain demanded inorganic products.

Calcium sulfide serves as a matrix for the
production of inorganic phosphors [8—10]. In the
contemporary world, materials with luminescent
properties are the object of intensive study due to a
wide range of possibilities for their use [11-13]. One
widelyused material is calcium sulfide-based phosphor
[14-17]. Doping of the calcium sulfide structure with
europium cations leads to the appearance of a red

[14-16] or orange [14] glow; the presence of cerium
in the composition produces a green and yellow-green
glow [16]; cations of some d-elements can be used
in the production of materials having a purple,
blue [9], or yellow [17] glow. As a rule, the synthesis
of such materials is carried out from chemically pure
reagents, which leads to a high cost of phosphors
(EUR 50-70 per kg).

In this regard, the purpose of this study is to
develop a method for obtaining calcium sulfide from
phosphogypsum as part of an integrated approach
to synthesizing valuable materials from production
wastes.

MATERIALS AND METHODS

In order to study the possibility of obtaining
an inorganic luminescent material, phosphogypsum
containing CaSO,-2H,O of at least 99 wt % was
used. Sucrose (PTO OSNOVA, Russia), A grade
birch activated carbon (SBV GRUPP, Russia), wood
charcoal (PKF SISTEMA, Russia), vegetable oil
(GK YUG ROSSII, Russia), citric acid (Standart,
Russia), and starch (KF' Bogorodskaya, Russia) were
used as reducing agents.

The following phosphogypsum samples were used
to assess the ability to recover to the target product:

1) pre-heat-treated at 1073 K for 60 min;

2) dried in a drying cabinet at a temperature
of' 473 K for 5 h to a constant weight;
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3) without preliminary heat treatment, with the
addition of water in an amount of 10 wt % by weight of
phosphogypsum;

4) without pretreatment.

The study of the possibility of recovery was
carried out as follows. A reducing agent was added
to phosphogypsum according to the formulation.
The samples were homogenized in a 0.45 kW mixer
with a speed of 1500 rpm, after which they were
placed in alund crucibles in the working space of
a muffle furnace and heat-treated according to the
following regime: heating rate is 13 K/min; treatment
temperature is 1073 K; time at this temperature is
60 min. Following heat treatment, the samples were
cooled to a furnace temperature of 293 K, weighed
and crushed in a mortar.

For each sample, the relative luminous flux
emitted by the surface of the sample of a fixed
area was measured using an original installation
(Fig. 1) comprising an ultraviolet (UV) radiation
source, light filters, and a recording sensor. A
sample and reference sample used as a phosphor
yellow YAG:Ce were placed in the installation and
illuminated with a radiation having a wavelength
of 380 nm. The luminous flux from the surface of
the sample and the reference sample was recorded
through a light filter that excludes ultraviolet rays.
The relative luminous flux was obtained as the ratio
of the luminous flux from the surface of the test
sample to the luminous flux from the surface of the
reference sample.

In order to determine the optimal heat treatment
time, the phosphogypsum samples and reducing agent
were homogenized in a manner similar that described
above. Next, the samples were heat-treated according
to the following regime: heating rate is 13 K/min;

UV source
Sensor
Light filter
Light filter
Holder
External housing
Inner housing

Fig. 1. Diagram of the installation for measuring the
luminous flux from the surface of the irradiated UV sample.

heat-treatment temperature is 1173 K. After reaching
the heat-treatment temperature, the sample batches
were moved every 10 min to a cooling chamber made
of thermal insulation material and cooled slowly to
a temperature of 293 K. After weighing the samples
and crushing them in a mortar, the relative luminous
flux emitted by the surface of the sample of a fixed
area was measured.

In order to select the reducing agent and the heat
treatment temperature, phosphogypsum weighing
17.20 g and the reducing agent were weighed
with an accuracy of 0.01 g on technical electronic
scales according to the ratios indicated in Table 1,
homogenized in a 0.45 kW mixer with a speed of
1500 rpm, after which they were placed in alund
crucibles in the working space of a muffle furnace,
where they were produced heat treatment according
to the following modes: samples were heated at a rate
of 13 K/min to the calcination temperature, which
was 1073 K, 1173 K, and 1273 K. Upon reaching
the calcination temperature, the samples were kept at
this temperature for 60 min. At the end of the heat
treatment, the samples were cooled together with
the furnace to a temperature of 293 K. After that, the
samples were crushed in a mortar to a powdery state.
The relative luminous flux emitted by the sample
surface of a fixed area was measured.

Phase composition was studied on an ARL
X'TRA X-ray diffractometer (4RL, Switzerland) using
monochromatized Cu-Ka radiation by point-by-point
scanning (step 0.01°, accumulation time at point 2 s) in
the range of values 26 from 15° to 80°. The qualitative
phase composition was determined using PDF-2 in the
Crystallographica software!.

Micrographs of the samples were obtained using a
Quanta 200 scanning electron microscope (FEI, USA).
The images were taken at an accelerating voltage of up
to 30 kV.

Photos of the samples were taken wunder
illumination with an incandescent lamp or a fluorescent
ultraviolet lamp FT5 BLACK LIGHT (Camelion,
Russia).

RESULTS AND DISCUSSION
According to X-ray phase analysis,
phosphogypsum is a dihydrous calcium sulfate

(Calcium Sulfate Hydrate gypsum low, PDF Number:
010-70-7008) and semi-aqueous calcium sulfate
(Calcium Sulfate Hydrate, PDF Number: 010-80-1235)
(Fig. 2a). Heat treatment at a temperature of

! PDF-2. The Powder Diffraction File™. International
Center for Diffraction Data (ICDD), PDF-2 Release 2012,
www.icdd.com (2014).
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Table 1. Ratio of phosphogypsum and reducing agents

Reducing agent Reducing agent mass, g Molar fraction of the reducing agent, %
0.30 125
0.60 25
1.20 50
A grade birch activated carbon 1.80 75
2.40 100
3.00 ”y
3.60 150
4.80 200
0.70 12.28
1.40 24.56
2.90 50.88
Sugar 4.30 75.44
5.70 100.00
7.10 124.56
8.60 150.88
11.40 200.00
0.30 13.64
0.60 27.27
1.10 50.00
Vegetable oil 1.70 77.27
2.20 100.00
2.80 127.27
3.40 154.55
440 200.00
1.10 6.40
2.10 12.21
4.30 25.00
Citric acid 6.40 37.21
8.50 49.42
10.70 6221
12.80 74.42
17.10 99.42
0.70 12.96
1.40 25.93
2.70 50.00
Starch 4.10 75.93
5.40 100.00
6.80 125.93
8.10 150.00
10.80 200.00
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1073 K of a phosphogypsum sample is accompanied
by the formation of anhydrous calcium sulfate
(PDF Number: 010-74-2421) (Fig. 2b). Heat treatment
at a temperature of 1073 K of a phosphogypsum
sample in the presence of a reducing agent leads to
the formation of a composite material containing a
phase of anhydrous calcium sulfate (Calcium Sulfate,
PDF Number: 010-70-0909) and calcium sulfide
(Calcium Sulfide, PDF Number: 000-08-0464)
(Fig. 2c) (data for phosphogypsum reduced in the
presence of sucrose are given as an example).

i,

0 10 20 30 40 50 60
i,

70 26, deg.

S W W T TN S

10 20 30 40 50 60 70 20, deg.
I, c
10 20 30 40 50 60 70 26, deg.

Fig. 2. X-ray diffraction patterns of the phosphogypsum
samples: (a) dried at a temperature of 473 K,
(b) heat-treated at a temperature of 1073 K,
(c) heat-treated in the presence of a reducing agent
at a temperature of 1073 K.

Various micrographs of phosphogypsum were
also obtained: dried at a temperature of 473 K
(Fig. 3a); heat-treated at a temperature of 1073 K
(Fig. 3b); heat-treated in the presence of a reducing
agent at a temperature of 1073 K (Fig. 3c), where
data for phosphogypsum reduced in the presence of
sucrose are given as an example.

Figure 3 represents samples of phosphogypsum,
heat-treated at temperatures of 473 K and 1073 K as
lamellar crystals. Cracks appearing on the crystals
at increased heat treatment temperatures may be due
to the processes of removing crystallization water.
Heat treatment in the presence of a reducing agent is
accompanied by partial destruction of the structure:
plate crystals lose boundary clarity, while clusters of
the reduced material form on their surface. Figure 4

Fig. 3. Micrographs of phosphogypsum:
(a) dried at a temperature of 473 K,
(b) heat-treated at a temperature of 1073 K,
(c) heat-treated in the presence of a reducing agent
at a temperature of 1073 K.

schematically represents the process of transition of
the original structure to the restored one.

The luminescent properties of phosphogypsum
heat-treated in the presence of a reducing agent
(Fig. 5) are due to the presence of calcium sulfide.
Figure 5 shows photos of samples under visible
illumination (Fig. 5a) and ultraviolet illumination
(Fig. 5b and 5c); a light filter is used to remove
the UV part of the radiation (Fig. 5b).

Results of studying the effect of pretreatment

The results of measuring the relative luminous
flux from the surface of the studied phosphogypsum
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Fig. 4. Schematic representation of the formation of the composite material CaSO,/CaS.

sample obtained with various preliminary
preparations are shown in Table 2.

From the results shown in Table 2, it follows
that phosphogypsum without pretreatment is more

suitable for the synthesis of phosphor.

Determination of the optimal heat
treatment time

When calculating the change in the mass
of the sample, the final mass of the sample, the
mass of the reducing agent and the mass of water
were subtracted from the initial mass of the sample.
The results of these calculations and measurements
are shown in Table 3.

The data obtained indicate that at a given
temperature, the exposure time of 60 min was
optimal for obtaining a luminescent material.
It can be assumed that a shorter holding time is
not enough for the recovery process to proceed,

which is also evidenced by the insufficient loss of
mass, compared with the calculated one, and traces
of unreacted coal in the calcined samples. A longer
calcination time leads to the reverse oxidation
reaction of the compounds obtained during the
reduction process.

Selection of reducing agent

The  following reducing agents  were
selected for the recovery process: A grade birch
activated carbon, sugar, vegetable oil, citric acid,
and starch.

The  following reduction reactions  of
phosphogypsum to calcium sulfide (1)—(5) have been
proposed for these reducing agents.

For coal (1):

CaS0,2H,0 + 2C — CaS + 2H,0 +2CO0,. )

Fig. 5. Samples of reduced phosphogypsum under illumination:
ordinary light (a), ultraviolet light (b, ¢), and ultraviolet light with a light filter (b).
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Table 2. Results of the recovery of phosphogypsum that has undergone various pretreatment

Phosphogypsum samples Average mass loss, g Relative luminous flux
Pre-heat treated at 1073 K for 60 min 0.24 0.36
Dried in an oven at 473 K for 5 h 0.27 0.51
Without pre-heat treatment with the addition of water 0.23 0.52
Without pretreatment 0.21 0.88

Table 3. Determination of the optimal heat treatment time

Time, min Mass change, g Relative luminous flux
0 —0.48 0.10
10 —-0.02 0.15
20 0.03 0.24
30 0.12 0.34
40 0.14 0.68
50 0.18 0.71
60 0.21 0.88
70 0.21 0.85
80 0.18 0.81
90 0.12 0.80
100 0.11 0.75
110 0.05 0.69
For sucrose (2): For citric acid (4):

C,H,0, +6CaSO,2H,0 — 6CaS +12CO, +23H,0. (2)

127722711

9CaS0,2H,0 +4C,H,0, — 9CaS + 34H,0 + 24CO

For vegetable oil, it was assumed that sunflower
oil is glycerin oleodilinoleate (3): For starch (5):

79CaS0, 2H,0+2C H,, 0, —79CaS +258H,0+114C0, (3)  C,H, 0, +3CaS0,2H,0 — 3CaS +6CO, + 11H,0.

o

“)

)
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Based on the proposed reactions, 2.40 g of coal,
5.70 g of sucrose, 2.20 g of vegetable oil, 8.50 g
of citric acid and 5.40 g of starch were taken as 100%.

In order to check the effect of heat treatment
conditions on pure reducing agents, samples of
reducing agents were placed in crucibles in a muffle
furnace and calcined for 60 min at a temperature
of 1073 K. At the end of the heat treatment, the
crucibles were empty, the reducing agents were
completely burned.

Table 4 shows data on the study of the effect of
various reducing agents on the process of obtaining
the target material. In all experiments, the mass of the
phosphogypsum sample was 17.20 g.

To test the possibility of using wood charcoal
instead of A birch activated carbon, the cost of
which is lower, phosphogypsum samples weighing

17.20 g and a reducing agent, which is A grade birch
activated carbon and wood charcoal of various
weights, were heat treated at a temperature of
1173 K, the same as described above. The results
of the study are shown in Table 5.

Table 5 data indicates that birch activated carbon
and wood charcoal are equally well suited for use
as phosphogypsum reducing agents; however, the
price of wood charcoal makes it more economically
attractive.

According to Tables 4 and 5, the best values
of the relative luminous flux were noted for
phosphogypsum samples with sucrose and starch
as a reducing agent at a molar fraction of the
reducing agent of 50% and a heat treatment
temperature of 1173 K. For samples with reducing
agents—vegetable oil and citric acid—the optimal

Table 4. Results of heat treatment of phosphogypsum with various reducing agents at different temperatures

Relative luminous flux
Reducing agent Reducing agent mass, g | Mole fraction of the | at heat treatment temperature, K
reducing agent, % 1073 1173 1273
0.30 12.5 0.12 0.12 0.10
0.60 25 0.15 0.14 0.25
1.20 50 0.20 0.88 0.61
1.80 75 0.11 0.73 0.55
A grade birch activated carbon
2.40 100 0.10 0.68 0.48
3.00 125 0.09 0.59 0.30
3.60 150 0.06 0.25 0.16
4.80 200 0.05 0.05 0.06
0.70 12.28 0.17 0.14 0.10
1.40 24.56 0.49 0.38 0.14
2.90 50.88 0.38 1.13 0.86
4.30 75.44 0.33 1.00 0.88
Sugar
5.70 100.00 0.24 0.85 0.81
7.10 124.56 0.19 0.82 0.92
8.60 150.88 0.14 0.77 0.83
11.40 200.00 0.10 0.72 0.38
0.30 13.64 0.20 0.12 0.10
0.60 27.27 0.29 0.14 0.10
1.10 50.00 0.80 0.22 0.10
1.70 77.27 0.79 0.40 0.10
Vegetable oil
2.20 100.00 0.78 0.65 0.10
2.80 127.27 0.73 0.59 0.20
3.40 154.55 0.70 0.42 0.10
4.40 200.00 0.74 0.42 0.20
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Table 4. Continued

. Relative luminous flux at heat
Reducing agent Reducing agent mass, g D::c:zg;;:;lftf f,ze treatment temperature, K

1073 1173 1273

1.10 6.40 0.24 0.10 0.10

2.10 12.21 0.39 0.12 0.10

4.30 25.00 0.86 0.35 0.15

Citric acid 6.40 37.21 0.93 0.75 0.15
8.50 49.42 0.91 0.90 0.15

10.70 62.21 0.90 0.88 0.10

12.80 74.42 0.84 0.80 0.26

17.10 99.42 0.63 0.60 0.21

0.70 12.96 0.20 0.14 0.14

1.40 2593 0.37 0.33 0.19

2.70 50.00 0.52 1.00 0.62

4.10 75.93 0.52 0.97 0.81

Starch

5.40 100.00 0.36 0.92 0.92

6.80 125.93 0.27 0.82 0.83

8.10 150.00 0.27 0.69 0.79

10.80 200.00 0.27 0.41 0.60

Table 5. Comparison of A grade birch activated carbon and wood charcoal

Reducing agent Reducing agent mass, g | Mole fraction of the reducing agent, % Relative luminous flux

1.2 50 0.88

A grade birch activated 1.8 75 0.73

carbon 24 100 0.68
48 200 0.05
1.2 50 0.86
1.8 75 0.77

Wood charcoal
2.4 100 0.70
4.8 200 0.10

temperature was 1073 K, at which the maximum material from the multi-tonnage waste of

value of the relative luminous flux was reached
with a reducing agent molar fraction of 37-50%.

CONCLUSIONS

A comprehensive study of the possibility of
obtaining the demanded inorganic Iluminescent

orthophosphoric acid production was carried out. The
following main results were obtained:

1) The study of the effect of preliminary
preparation of phosphogypsum in the form of heat
treatment at different temperatures, humidification
of samples, allowed us to establish that for the
synthesis of phosphor the most successful is the
use of phosphogypsum without pretreatment.
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2) Heat treatment at a temperature of 1073 K
of a phosphogypsum sample is accompanied by the
formation of an anhydrous compound — calcium
sulfate. Heat treatment in the presence of a reducing
agent leads to the formation of a composite material
containing a phase of anhydrous calcium sulfate
and calcium sulfide.

3) When the temperature of the heat treatment
increases, cracks appear on the crystals, which may
be due to the processes of removing crystallization
water. Heat treatment in the presence of a reducing
agent is accompanied by partial destruction of
the structure, plate crystals lose the clarity of the
boundaries, clusters of the reduced material form on
their surface.

4) Heat-treated phosphogypsum in the presence
of a number of reducing agents — A grade birch
activated carbon, wood charcoal, vegetable oil,
citric acid, starch, and sucrose — has the ability to
luminescence due to the presence of calcium sulfide.

5) The optimal technological conditions
for obtaining a composite material exhibiting
luminescent properties were revealed: the heat
treatment temperature is 1073-1173 K, the duration
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