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Abstract

Objectives. To apply an analytical method for the calculation of a distillation column for the
production of D,0 at a two-column Kuhn installation operating under vacuum: to simulate the
Kuhn installation in the Hysys software; and to compare experimental and calculated data.
Methods. Analytical method for the calculation of distillation columns “from stage to stage,” from
the lower theoretical separation stage (TSS) to the upper stage. This method is based on phase
equilibrium at the TSS with known data of input flows and component concentrations in the
column bottoms. Hysys was used as modeling software.

Results. Comparison of the calculation results with Kuhn’s experimental data testified to the high
calculation accuracy of the vapor-liquid phase equilibrium for the H,0-D,0 mixture at the TSS. The
convergence of the D,O material balance for the entire installation was 0.005%. The identification
parameter was the number of the column feed plate. Simulation of the Kuhn installation in the
Hysys software showed a qualitative agreement of D,O concentrations in material flows. The
UNIQUAC (UNIversal QUAsiChemical) model was used to calculate activity coefficients. The found
values of the number of theoretical separation stages (NTSS) in both columns, were 88 and 153
taking into account the reboiler and condenser. This is less than the experimental 295 and 400,
respectively. The discrepancy can be explained by the increased phase equilibrium H,O constant
in the UNIQUAC model. However, the convergence of the material balance in terms of D,O was
high and amounted to 1.38'10°%%. The absolute error of the found concentrations in material
flows did not exceed 0.12 mol %.

Conclusions. The results obtained indicated the possible use of the Hysys modeling software
when searching for and optimizing the operating mode of the block diagram of a cascade of
distillation columns with direct and recycle flows to separate a mixture of water into light and
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heavy water. The final results obtained with regard to the operating mode, inlet and outlet
material flows (flow rate, composition, temperature, and pressure drop across the column) are
recommended for use in the analytical program for the calculation of the distillation column to
refine the NTSS and distribution profile of the concentrations of the H,0O and D,O components
along the height of the column.

Keywords: light water, heavy water, Hysys, continuous distillation, separation factor, activity
coefficients of H,0 and D,O
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HAYYHAS CTATHA

AHau3 peKTU(PUKALMOHHOTO Pa3ie/ICcHUs
cmecu H,O-D,0 Ha Jierkyio u TsKeJIyIo Boay
METOA0M MATEeMATUYECKOr0 MOACJTUPOBAHUS

T.I'. KoporkoBa~, I''A. KacbsaHOB

KybaHckuil 2ocydapcmeeHHbLil mexHoo2uueckull yHusepcumem, Kpacrooap, 350072 Poccus
MAemop oas nepenucku, e-mail: korotkoval 964@mail.ru

AHHOMAyus

IMenu. ITpumeHeHue aHAIUMUUECK020 Memooa pacuema peKmupuUKAUUOHHOU KOJIOHHbL 011 Noyue-
Hust D,0 e dsyxionionHoll ycmaroeke Kyna, pabomaroweti nod earxyymom. ModenuposarHue ycmaHos-
rxu KyHa e npoepammHotil cpede Hysys. CpasHeHue s5KCnepuMeHmalbHbLX U pACUeMHbLLX OAHHBLX.
Memoodbt. Ananumuueckuii Memoo pacuema peKmupuKAQUUOHHOU KOJIOHHbL «OM CMYNeHU K CMyneHu
om HuxHell meopemuueckoii cmyneHu paszoeserust (TCP) Kk gepxHetl, 0CHOBAHHbLI HA (PA3080M PABHO-
secuu Ha TCP npu u3gecmmblx UCXOOHBbIX OAHHbBLX 8XOOHbLX NOMOKO08 U KOHUEHMPAUUL KOMNOHEHMO8 8
Kybe KonoHHbL Cpeda modenuposarusi Hysys.

Pesynemameut. CpasHeHue pesyibmamos paciema ¢ sKcnepumeHmaibHbimu oaHHbmu KyHa ceude-
MesbCME08aJI0 0 8bICOKOIL MOUHOCTU pacuema pasHosecus ¢pas nap — skuokocms ons emecu H,0-D,0
Ha TCP. Cxo0umocms mamepuansHozo banarica no D,0 no ycmaroske 6 yenom cocmasuna 0.005%.
Iapamempom udeHmupurayuu S8sLICSL HOMEP Mapesiku NUmarust KooHHsL. Modenuposarue ycma-
Hoexku KyHa e cpede Hysys nokasano KauecmeeHHoe coanacosaque koHueHmpayuii D,0O e mamepu-
anbHbIX nomokax. /[nsa pacuema Ko3IgpPuyueHmos axmusHocmu ucnoavzosaHa modens UNIversal
QUAsiChemical (UNIQUAC). HaftideHHble 3HAUEeHUsT UUCAA Mmeopemuveckux cmyneHell pasoeneHust
(4TCP) 8 obeux KONMOHHAX ¢ yuemom peboliiepa u KoHoeHcamopa cocmagasiom 88 u 153, umo meHob-
we sxcnepumerHmaioHbix 295 u 400 coomgememeeHHO. PacxoxoeHue 06bsicHSemest NO8bIUUEHHbLM
gHaueHuem KoHcmaxmut gpazoeoeo pasHosecus H,O mooenu UNIQUAC, 00HAKO CXo0UMOCTb Mamepu-
anbHozo banarica no D,0 evicokas u cocmaensem 1.38:107°%. ABCONOMHAS NOZPEULHOCTMb HAUOEHHbLX
3HAUEeHUTl KOHYeHMpayuii 8 mamepuaibHbix nomokax He npegovuuaem 0.12 mon. %.

Bobeoost. TlonyueHtble pe3yibmambl ceUOemesbCmsyiom 0 803MOIKHOM NPUMEHeHUU cpedbl Mode-
auposarust Hysys 0st noucka U onmumusauyuil peskuma pabomsl CMmpyKmypHOU cxembl Kackaoa
PEKMUPUKAUUOHHBIX KOJIOHH C NPSIMBbIMU U PEUUKI08bIMU NOMOKAMU O51 pa30esieHuUst cmecu 800bl
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HQa Jleekyto U mskeayro eody. IlonyueHHble KOHeuHble pe3ytemambl No peskumy pabombl, 8X00HbLM
U 8blXOOHbIM MAMEPUATIbHBIM NOMOKAM (Pacxod, cocmaes, memnepamypa, nepenad 0agrieHuil no
KOJIOHHE) PeKOMEHA08AHO UCNONB308AMb 8 AHANUMUUECKOU NPoZPaMMe pacuema pexmugpura-
UUOHHOU KOJIOHHBL 0151 ymouHeHust YTCP u npoghuns pachpedeneHust KOHUSHMpPayuli KOMNOHEHMO8

H,0O u D,0 no ebicome KONOHHbL.

Knroueevle cnoea: nezkasi 8oda, msokenass eoda, Hysys, HenpepwleHas pekmugurayus,
Kospuyuenm pasdesnerus, Kospgpuyuermol axmusHocmu H,O u D,0

Hna yumuposanus: Koporkosa T.I., Kacesanos I'M. Amanus pextuduraunonnoro pasaenenus cvecn H,0-D,0 na
JIETKYIO U TSDKEILY0 BOAY METOJOM MaTeMaTHYECKOIro Mojenuposanus. Toukue xumuveckue mexnonoeuu. 2022;17(3):189-200.
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INTRODUCTION

It is impossible to improve and optimize
technological schemes for the separation of
homogeneous mixtures by the method of rectification
without the use of modern software for modeling
complex chemical-technological systems (CCTS).
For this purpose, modern software is equipped with
a library of component properties, modules for
calculating apparatuses, mathematical modules for
ensuring the convergence of calculations, equations
for calculating the properties of a multicomponent
mixture, etc. The availability of programming tools
and the level of development of visualization allows
such software as Matlab (Matrix Laboratory) to be
created. This tool is a package of applied programs
for technical calculations, engineering, and scientific
problems in any industry. SPSS Statistics (Statistical
Package for the Social Sciences) is a computer
program for applied research and statistical data
processing. ChemCad (Chemical Computer-Aided
Design) is used mainly in modeling processes and
flowsheets of chemical and petrochemical industries.
Ansys Fluent is a software and computational complex
for modeling the flows of liquids and gasses in the
aerospace industry, automotive, turbomachinery,
oil and gas, and chemical industries. Hysys (Aspen
Hysys) is a programming software for technological
schemes of an arbitrary structure of chemical and
technological industries and other software packages
for computer simulation.

Simulation of CCTS allows the results obtained
to be analyzed not on an operational plant, but in
computer systems with a range of different devices
and technological modes of their operation. This

optimizes the technological scheme allowing the
desired product quality to be achieved or energy
costs minimized with subsequent implementation in
industrial production.

The widespread use of Hysys in CCTS modeling
is due to the multi-circuit architecture in Hysys
which allows an arbitrary number of circuits to be
created within one calculation. If necessary, you can
use your own thermodynamic package of properties
in each subcircuit. A large scheme can be divided
into separate sections and the mode of operation of
a particular section of the technological scheme can
be found. Therefore, the structure of the technological
scheme, consisting of a set of apparatuses and
devices, changing the parameters of their operation
mode, such as process temperature, pressure, and
component composition can be optimized.

In [1], the designs of heat pumps of closed and
open “pipe in pipe” types were considered, while the
adequacy of the computer model of the “rectification
unit—heat pump of closed type” system was checked
using the Hysys simulation software. In [2], the Hysys
software was used to perform a simulation of a crude
oil distillation unit. This included four main stages:
preliminary evaporation, atmospheric, stabilizing,
and vacuum.

When water is separated by distillation into
light (H,0) and heavy (D,0) water, the number of
theoretical separation stages (NTSS) is very large.
Therefore, a cascade of several columns of tray or
packed type is used rather than one distillation
column [3]. The Hysys data library contains the
physicochemical properties of the H/O and D,O
components. In this case, the use of modern modeling
software for the analysis and improvement of such
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CCTS is reasonable and necessary. However, there are
no publications on the study of the use of the Hysys
simulation software for the separation of a mixture of
H,0-D,0 into light and heavy water.

In this paper, we propose the use of Hysys
simulation software for the development of
technological schemes consisting of a cascade of
distillation columns with direct and recycle flows
to separate the H,0-D,0 mixture into light and
heavy water. This is followed by refinement of
the NTSS and the profile of the distribution of
component concentrations along the height of the
column based on the analytical column calculation
method [4].

METHODS

The modeling of distillation is based on the
calculation of the vapor—liquid phase equilibrium at
the theoretical separation stage (TSS), the reliability
of the description of which affects the quality of the
separated products. The main difficulty is the choice of
an equation for calculating the activity coefficients of
the components.

The group composition models the following:
UNIversal Functional Activity Coefficient
(UNIFAC), UNIversal QUAsiChemical (UNIQUAC),
Non Random Two Liquid (NRTL) models, etc. It
also models their modifications [5], which have
proven themselves well in the calculation of
column distillation apparatuses in the chemical
industry. Such have been widely developed in
chemical [6], oil refining, petrochemical [7],
and alcohol industries [8, 9] in the separation of
multicomponent mixtures with a slight deviation
from the Raoult law and azeotropic mixtures in the
production of bioethanol [10, 11], characterized by
strong nonideality.

In the analytical methods proposed for
calculating column apparatus when separating a
mixture of H,O-D,0O into light and heavy water,
the activity coefficients vy, and ypo were
not considered [3], or the mixture was classified
as ideal both in the liquid and vapor phases [12].
It is equivalent to equating the activity coefficients
to units.

We have shown [4] that the HO-D,0 mixture
is not ideal, i.e., it does not obey the Raoult
law. Based on the material balance equations,
the equilibrium equation, and the equation for
calculating the separation coefficient (H.C. Urey),
Egs. (1) and (2) for calculating the activity
coefficients of the HO and D,O components were
obtained based on the assumption that the mixture
being separated consists of two components H,O

and D,0. A method for the calculation of the
column “from stage to stage,” including the
calculation of phase equilibrium on the TSS, was
proposed.

1
YH,0 = 5 ) )
: B0 B0

2
P Xp,0 T 0H-D P Xp,0

1
TD,0 = o o ) (2)
? 1 A H,0 + B0 X
. “p 0T p 0

The activity coefficients of the H,O and D,O
components are interconnected by the separation
factor o, .

¥p,0 = %H-D " TH,0 3)

Based on a comparison of experimental and
calculated data, the applicability of this method to the
separation of an isotopic mixture of H,O-D,O into
light and heavy water is shown.

RESULTS AND DISCUSSION

Let us apply the method of calculating a
distillation column for separating a mixture of
H,0-D,0, as described in [4], to the well-known
experimental  two-column  Kuhn installation
for obtaining D,0. The material balance of this
installation is shown in Fig. 1 [13]. The height
of the separating part of the first stage is 530 cm;
the height of the equivalent theoretical stage (HETS)
is 1.8 cm; the height of the separating part of the
second stage is 680 cm; while HETS is 1.7 cm.
The pressure in the upper part of the first stage is
120 mm Hg, and the pressure in the upper part
of the second stage is 60 mm Hg. The calculation
will be carried out for each stage separately. In
relation to the hardly volatile component D,O,
the input flow (feed) divides the column into two
parts: the upper (exhaustive) and the lower
(strengthening). By analyzing the initial data
of the Kuhn installation (Fig. 1), we can determine
the values of the quantities necessary for modeling
each stage (Tables 1 and 2). In Fig. 1 and in
Tables 1 and 2, the concentration of D,O is given
in mol %.
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In Tables 1 and 2, the reflux ratio R is defined

P20 mm]fg as the ratio of the amount of liquid stream flowing
375 mL/day | £~ 60 mmHg down the column, to the amount of distillate

;Qm 2% D0 withdrawn from the top of the column. The molar
0.1%D:0 _| flow rates of material flows are determined by known

expressions. These expressions take into account
the average value of the density and the average
value of the molar mass of the flow, depending
on the concentrations of the H,O and D,0 components
in the flow. When recalculating, the following is
assumed: the molar mass of H,O is 18.02 kg/kmol,
D,0 is 20.03 kg/kmol; while the density, taking
into account the separation process under vacuum
2 stage H,0, is 998 kg/m’, D,O 1108 kg/m’ [14, 15]. NTSS
in columns is determined by the ratio of the height
of the separating part of the stage to HETS. In the
first approximation, it is assumed when modeling that
) the pressure at the bottom of the first stage is 18 kPa,
360 mL/day .
ngbg% D,0 the pressure of the second stage is 9 kPa.
g The feed plate number was taken as the
Fig. 1. Scheme of material balance identification pgrameter. The calculation of the
of twostaee Kuhn plant fo obtain D.O column was carried out by the method “from stage to
£ P L stage” from the bottom up. The plates are numbered
from bottom to top. The results of the calculation
are shown in Fig. 2. The convergence of the material

#
40 Liday
1% DO

28 L/day ———» \]\—

1000 L/day

1 stage

735 mL/day

50% DO

Table 1. Initial data of the Kuhn installation

Material flows
Stage number L/day kmol/day
F D w Rec F D w Rec
1 stage 40 39.64 0.735 0.375 2.20202 2.18216 0.0405 0.02064
2 stage 0.735 0.375 0.36 - 0.0405 0.02064 0.01986 -

Note: F is feed; D is distillate; I is bottom residue; Rec is recycling.

Table 2. Initial data of the Kuhn installation (continued)

D,O concentration, mol %
Stage number P, kPa R f NTSS
xF xD xW rec
1 stage 1.0 0.1 50 2.0 16 25.227 1.0091 295
2 stage 50 2.0 99.8 - 8 74.667 1.9622 400

Note: x,,x,,x,,x,__ are D,O concentrations in feed, distillate, bottoms, and recycle, respectively;
rec 2

P is the pressure of the top of the column; R is the reflux ratio; /= F/D.
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0.02064 kmol/day | 7 =8 kPa
2.03% D>O

2.18216 P=16kPa | 4
kmol/day r—74

0.1006% | a4
D,O R=25227

£=1.0091

R=174.667
£=1.9622

Nr=206

Y. >
2.20202 kmol/day
1% DO

Np=343

2 stage
NTSS =400

1 stage
NTSS =295

P=9kPa

0.01986 kmol/day
99.8% DO

>

<«— 1.54112 kmol/day

0.0405 kmol/day

50% DO

[ <+— 55.0494 kmol/day

P =18 kPa

Fig. 2. Calculated data for the two-column Kuhn
installation based on the analytical calculation method.

balance for D,0O for the entire plant was 0.0005%. The
profile of the change in D,O concentration along the
height of the columns at the first and second stages is
shown in Fig. 3.

Point a characterizes the transition from the
strengthening part of the column to the exhaustive
part. The observed break in the curves of the
concentration profile corresponds to the general ideas
regarding the change in concentrations in the liquid
phase in the feed zone of the distillation column.

400
350
300 — @
250 2
é’ 200 <
150
100 1 —
50

0

™

\\

0 10 20 30 40 50 60 70 80 90 100
D,0 concentration in the liquid phase, mol %

Fig. 3. Profile of change in the D,O concentration along
the height of the columns based on the analytical method
of calculation: (1) first stage; (2) second stage.

Analysis of the dependence of the activity
coefficient of the H,O and D,O components
on the mixture composition at P = const

Based on the algorithm for calculating the
boiling point of a mixture of H,O-D,0, as described
in [4], incorporating a block for calculating phase
equilibrium on TSS, a program was developed in
the Borland Pascal language. As an example, in
Fig. 4 shows the results of calculating the activity
coefficients of the H,O and D,0 components for
atmospheric pressure P = 101.325 kPa and for
reduced pressure P = 60 kPa, with a change in the
D,O concentration in the liquid phase from 0 to
100 mol %. The accuracy of calculating the boiling
point of the mixture on the plate is ¢ = 107'°°C.

Based on the appearance of the dependences of
the activity coefficients YH,0 and Yp,o (Fig. 4), it
can be concluded that they are practically straight
lines at P = const. This is because the separation
coefficient a,  depends on the pressure and
boiling point of the H,0-D,0 mixture, which
changes slightly with a change in the composition
of the mixture at P = const. However, with a
pressure drop along the height of the column, as
shown in [4], the change in the activity coefficients
of these components is nonlinear. The values of
the activity coefficients of both components are
within unity, while the value of the activity
coefficient of deuterium oxide Yp,o is greater than
that of hydrogen oxide Ym,0 in the entire range
of concentrations. This result is embedded in Eq. (3),
in which the separation factor a,, ;> 1. Also, Yp,0 > 1,
but Yg,0o < 1, and at concentrations equal to 1,
the activity coefficients are also equal to 1.

Activity coefficients Yy,0 and Yp,o, calculated
by the UNIQUAC group composition method.

1.04 ;
1.03 =
1.02 =l T
1.01 =
1.00 1
0.99 =
0.98 ———
0.97 2
0.96

[N
N

1

J1!
(U
1"
]
I

1
"

= =

Activity coefficient y

0 10 20 30 40 50 60 70 80 90 100
D,O concentration in the liquid phase, mol %

—y(H,0) == -v(D,0)

Fig. 4. Dependence of the activity coefficients of the H,0
and D,0 components calculated by Egs. (1) and (2)
on the D,O concentration in the liquid phase at:

(1) P=101.325 kPa and (2) P = 60 kPa.
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The mathematical form is given in [5]: it changes
from 0.997 to 1.000 when D,O changes from 0 to
100 mol % in a mixture of H,0-D,0. The
calculation was carried out at P = 101.325 kPa and
P = 60 kPa. Therefore, their values are almost equal
to 1, which is typical for ideal mixtures.

The predicted parameters of the binary energy
interaction Au, and Au, of the UNIQUAC model
between the molecules of the H,O and D,O
components were taken from the database of the
Hysys software (Table 3).

Optimizing the parameters of the energy
binary interaction Au,, and Au, of the UNIQUAC
model in the range of change from —o to +owo
did not lead to an increase in the accuracy of
calculating a,, , the H,O-D,0 mixture. It should be
noted that for large values of the binary interaction
parameters  Au,, and Au,  regardless of
their sign, the equilibrium curve in the x—y
diagram intersects the diagonal of the square,
meaning the presence of an azeotrope point.
This is not supported by experimental data
and the industrial method for separating a mixture
of HO and D,O, ie., the H,0-D,0O mixture
is not azeotropic. A similar picture was obtained
when optimizing the parameters of the NRTL
equation (Ag,,, Ag,, and a,). Therefore, further
calculations give the parameters presented in Table 3.

The calculated value of the separation factor
o, , using the UNIQUAC model at atmospheric
pressure was 1.053 (at Xg,0 =Xp,0= 0.5 mol %),
while the experimental value was 1.026 [16].
The values of the separation factors in the
analytical calculation of the activity coefficients
YH,0 and Yp,o are consistent with the experimental
values.

Figure 5 shows the curves of the separation
factors, constructed according to Eq. (4) and
according to the UNIQUAC method. The vapor
pressure of the pure component was calculated
using the Antoine equation, the mathematical
form of which and the equation constants are given
in [4].
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Fig. 5. Dependence of the separation factor
on temperature: (1) calculation according to Eq. (4);
(2) calculation according to UNIQUAC.

Bio
(XH_D = 02 (4)
B0

Thus, when considering the H,O-D,0 isotopic
mixture as ideal, the separation factor a,
(curve 2, Fig. 5) exceeds the known experimental
data considered by us in [17]. This data is consistent
with that constructed using Eq. (4) (curve 1,
Fig. 5), and coincides with the curve based on the
analytical calculation method.

Let us consider the effect of the difference
in the separation factor thus defined on the phase
equilibrium in the vapor—liquid system of the
H,0-D,0 binary mixture. Let us take the phase
equilibrium constant Ky o as the ratio of the
equilibrium molar concentrations of H,O in the
vapor yu,0 and liquid xy,0 phases. We will carry
out the calculation based on the UNIQUAC
method and Eq. (5).

Ko = = VYi,0> ©)

where vy, will be calculated with Eq. (1) and the
separation factor in Eq. (1) is determined by Eq. (4).

Table 3. Parameters of the UNIQUAC model (according to Hysys)

Au_,, cal/mol Au, , cal/mol
Component r q 1 > w >
H,0 (1) D,0 (2)
H,O (1) 0.92 1.3997 - —48.413
D,0 (2) 0.92 1.3998 48.724 -

Note: r and g are volume and area parameters of the components. The energy parameters of the binary interaction Au , and Au,,

are given at the universal gas constant R = 1.98721 cal/(mol-K).
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The results of the calculation are shown in Fig. 6
for two pressures P = 101.325 kPa and P = 60 kPa.
Data analysis in Fig. 6 shows that with decreasing
pressure, the phase equilibrium constant of the
highly volatile component H,O increases, while with
an increase in the concentration of H,O in the
liquid phase, it also decreases at xy,0o = 1. The
constant is equal to one, which is already known.
A change in pressure does not lead to a change in
the qualitative picture of the phase equilibrium
constant. The shape of the curves is close to linear
at P = const. However, when calculating distillation
columns, the pressure drop across the column
has a significant effect on the nonlinearity of this
dependence [4]. The value of the phase equilibrium
constant in the calculation by the UNIQUAC method
is greater than in the analytical calculation method,
which includes the calculation of the separation
factor a,_, according to the Urey’s Eq. (4). Despite
a slight difference in hundredths, this discrepancy,
as will be shown below, leads to a significant
decrease in the NTSS as determined in Hysys
software when calculating the activity coefficients
using the UNIQUAC method.
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Calculation according to Eq. (5)

Fig. 6. Dependence of the H,O phase equilibrium constant
on its composition in the liquid phase for the H,0-D,0
mixture: (1) P=101.325 kPa; (2) P = 60 kPa.

Thus, the main influence on the phase
equilibrium constant is exerted by the vapor
pressure of the pure component, which can be
determined with a high level of accuracy. We do not
recommend taking the activity coefficients of the
H,O and D,0 components equal to 1 into the
analytical calculation method, since the H,0-D,0
mixture is not ideal.

Let us simulate a two-column Kuhn installation
in the Hysys software. The block diagram with
the calculation results in tabular form in the Hysys
graphical software is shown in Fig. 7. The pressure
in the upper part of the columns was determined
according to Kuhn’s experimental data, and is
0.016 MPa (120 mm Hg) for the first stage,
0.008 MPa (60 mm Hg) for the second stage.
The pressure in the lower part of the column of
the first stage was 0.018 MPa, while the pressure
of the second stage was 0.009 MPa. In the column
of the first stage, the reflux ratio and the amount
of withdrawal of distillate were taken as active
specifications; while in the column of the second
stage—the reflux ratio and the amount of with
drawal of the distillate residue. The calculation of
the activity coefficients of the H,O and D,O
components was performed using the UNIQUAC
method. We took the NTSS and the number of the
feed plate for each column as identification
parameters. The simulation results are given in
Table 4 and in the flow tables in Fig. 7.

For the first stage, the NTSS was 86, excluding
the reboiler and condenser, the feed plate was
numbered 67th. For the second stage, the NTSS
was 151; the feed plate was 136th. The TSS values
discovered in both columns were 88 and 153,
including the reboiler and condenser. These were
less than the experimental values (295 and 400)
in the Kuhn installation. The D,0 concentration
profile was smoother (Fig. 8) compared to the
profile shown in Fig. 3. This can be explained by the
error in calculating the phase equilibrium constants

Table 4. Material balance of the two-column Kuhn plant in the Hysys environment

Material flows, kmol/day D,O concentration, mol %
Stage R NTSS N,
number F
F D w Rec X x, L. -
1 stage 2.2159 2.1959 | 0.04069 | 0.02077 0.10242 | 49.997 | 2.0851 25.23 86 67
2 stage 0.04069 | 0.02077 | 0.01991 - 49.997 | 2.0851 99.977 - 74.67 151 136

Note: N, is the feed plate number; number of theoretical separation stages (NTSS) does not include a reboiler and

F
a dephlegmator condenser.
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Fig. 7. Graphical interface of the Kuhn installation in the Hysys software: C-1, C-2 are distillation columns;
1-11 are material flows; Q-1-Q-8 are energy (heat) flows.
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Fig. 8. Profile of change in D,O concentration along
the height of the columns (according to the calculation
data in the Hysys simulation software):

(1) first stage; (2) second stage.

using the UNIQUAC method. However, the
convergence of the material balance for D,O was
1.38-107%% and the absolute error of the found values
of concentrations in material flows did not exceed
0.12 mol %.

The results obtained indicate that the Hysys software
can be recommended when searching for and optimizing
the block diagram of a cascade of distillation columns

with direct and recycle flows, designed to separate a
mixture of H,0-D,O. The calculated data obtained
in Hysys on the inlet and outlet flows of each column
(flow rate, composition, temperature, and pressure)
can be used in the analytical program for the calculation
of the distillation column to refine the NTSS and
the distribution profile of the concentrations of the H,O
and D,0 components along the height of the column.

CONCLUSIONS

The simulation of an experimental two-column
Kuhn installation for D,0O production was carried
out based on the analytical method for calculating
the column, as well as using Hysys simulation
software. The calculation of the activity coefficients
of the H,O and D,0O components in the analytical
method of calculation was performed according
to Egs. (1) and (2), and in the Hysys software,
according to the UNIQUAC equation. Both
calculations showed sufficient convergence of
calculated and experimental data in material flows.
The NTSS found in the Hysys software in both
columns, taking into account the reboiler and
condenser, are 88 and 153. This is less than the
experimental 295 and 400, respectively.
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Analysis of the graphical dependences of
the activity coefficients vy, and yp,o of the H,O
and D,O components on the D,0 concentration in
the liquid phase at P = 101.325 kPa and P = 60 kPa,
calculated by Eqs. (1) and (2), showed that yp, o > 1 and
Yn,0 < I, and at concentrations equal to 1, the activity
coefficients are equal to 1. The main influence on the
phase equilibrium constant is exerted by the vapor
pressure of the pure component, which is determined
with a high level of accuracy.

The activity coefficients of the H,O and D,O
components calculated by the UNIQUAC method
at P =101.325 kPa and P = 60 kPa vary in the range
from 0.997 to 1.000. However, both are less than 1,
affecting the wvalue of the separation coefficient
o, Wwhich at atmospheric pressure was 1.053
(at Xg,0=%p,0 = 0.5 mole fractions), while the
experimental value was 1.026.

An overestimated value of the separation factor
o, , led to an increase in the phase equilibrium constant
of H,O, which affected the NTSS in the column.
However, the convergence of the material balance for
D,O is high and amounted to 1.38-10°%. The absolute
error of the values of concentrations in material flows did
not exceed 0.12 mol %.
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Abstract

Objectives. To study the hydrogenation of substituted 5-acyl-1,3-dioxanes in the presence of
metal-containing catalysts (Pt/ Re, Pd/C, Ni/kieselguhr, and Ni/Mo).

Methods. In order to determine the qualitative and quantitative composition of the reaction
masses, the following analysis methods were used: gas-liquid chromatography (using the
Kristall 2000 hardware complex); mass-spectroscopy (using Chromatec-Kristall 5000M device
with NIST 2012); nuclear magnetic resonance (NMR) spectrometry (using Bruker AM-500 device
with operating frequencies of 500 and 125 MHz).

Results. Hydrogenation of substituted 5-acyl-1,3-dioxanes obtained by condensation of carbonyl
compounds with paraformaldehyde and sulfuric acid was used to synthesize heterocyclic
alcohols in the presence of metal-containing catalysts with a conversion of the initial ketones of
60-90% and a formation selectivity of target products of 70-90%. Substances were analyzed and
confirmed by gas-liquid chromatography, mass spectrometry and NMR spectroscopy.
Conclusions. The best catalyst for the reduction of substituted 5-acyl-1,3-dioxanes is Pd/C.
By using this catalyst, it is possible to achieve a high selectivity for the formation of the
corresponding heterocyclic alcohols at a conversion rate of the initial ketones of 60-90%.
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I'ereporeHHO-KATAIMTHYECKOE BOCCTAHOBJICHHE
3aMelleHHbIX S-anuii-1,3-11M0KcaHoB

A.H. Mycusn!, I0.I' Bopucoma?*"*, I'.3. Packuasauna?, P.P. JamuHeEBZ?
A.P. aBaeTmiuu?, C.C. 3A0TCKHH?

THHCmumym Xumuueckux mexHoN02Ull U UHIXKUHUPUH2A Y@GUMCKO20 20cyoapcmeeHH020
HegmsiHO20 mexHuuecKkoz2o yHusepcumema, Cmepaumamar, 453118 Poccus

2YpumcKkuil 2ocyoapcmaeHHblil HeghmsiHoU mexHuueckull yHueepcumem, Ygpa, 450064 Poccus
“Aemop ons nepenucku, e-mail: yulianna_borisova@mail.ru

AHHOMAyus

Ienu. M3yuums 2udpuposaHue 3ameueHHbX S-ayun-1,3-0uokcaHos 8 npucymemeuu MemaJsuio-
codeprkawux kamaauzamopos (Pt/Re, Pd/ C, «Ni Ha kuzenveype», Ni/ Mo).

Memooeult. /(s onpedesieHUs KaUecmeeHH020 U KOJIUUeCM8EeHHO020 COCMA8A PEAKYUOHHbBLX MACC
6bLIU UCNOABL308AHbLL Caedyrouwue memoodsbl GHANMU3A: 2a302KUOKOCMHAs xpomamozpagust (Ha
annapamHo-npoepamMmHom Komnnerce «Kpucmann 2000»), macc-cnekmpockonust (Ha npubope
Xpomamar-Kpucmann 5000M» ¢ 6aszoti NIST 2012), u cnekmpockonust s10epH020 MAZHUMHO20
pesoHaHca (SIMP-cnekmpockonus) (Ha npubope «BrukerAM-500» ¢ pabouumu uacmomamu 500 u
125 MT'u).

Pesynemamet. ['udpuposaHuem sameweHHblx S-ayun-1,3-0uokcaros, noayueHHblxX KOHOeHCa-
yuell KapbOHUNBbHBLX COeOUHEHUTL C NapagOPMOM C UCNONb30BAHUECM CEPHOLL KUCI0OMbL, CUHMe-
3UPOBAHBL 2eMEePOUUKAUUECKUe CNUPMbBL 8 NPUCYMCMBUU MEMAI0Co0epIKAUUX KAMAAU3A-
mopo8 ¢ KoHeepcuell UCX00HbLX KemoHog 60-90% u ceneKkmueHOCMbI0 00PA308GHUSL Uele8blx
npodykmos 70-90%. Bewecmsa npoaHaniudupo8atsl U 00Ka3aHbL MemoOamMu 20302KUOKOCHOU
xpomamoepaguu, macc-cnekmpomempuu u SAMP-cnekmpockonuu.

Bbleoosbl. YCmAaHO8/NeHO, Umo JAYUWUM KAMAAUSAMOPOM SO0CCMAHOBNEHUS. 3AMEULeHHBLX
5-ayun-1,3-0uorxcaros siensiemest Pd/ C, noszsonsiiowiuli 0ocmuub 8blLCOKOU celeKmusHoCmu
06pasosaHUsL COOMBEMCMBYOUWUX 2e6MEPOUUKNULECKUX CNUPMO8 NPU KOHBEPCUU UCXOOHbBLX
KemoHog 60-90%.

Knroueesle cnoea: zudpuposaHue, S-ayus-1,3-ouorxcamsl, eemepoyuriuveckue cnupmsl Kama-
ausamopwt Pt/ Re, Pd/ C, «Ni Ha kusenwveype», Ni/ Mo

Mna yumupoeanua: Mycun A.U., bopucosa F0.I"., Packunbnuna I'.3., amunes P.P., lasnermmn A.P., 3norckuit C.C.

I'eTeporeHHO-KaTaIUTUYECKOE BOCCTAHOBICHHUE 3aMEIIEHHBIX S-alui-1,3-n1uokcaHoB. Toukue Xumuueckue mMexHOIO02UU.
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INTRODUCTION

Oxymethyl-1,3-dioxacycloalkanes and  their
derivatives, ethers, esters, thioethers, etc., which exhibit
various biologically active properties, are used as
corrosion inhibitors, plant protection chemicals [1-3].

The primary method for obtaining alcohols
containing a cycloacetal fragment involves the
condensation of 1,1,1-trioxymethylalkanes with
carbonyl compounds [4, 5]. However, in a number
of cases, the use of secondary 1,3-dioxacycloalkane
alcohols becomes necessary. Although it has been
proposed that these can be obtained by reduction of the
keto group in 5-acyl-1,3-dioxanes with metal hydrides
[6], such a hydrogenation method is of little use for
preparative synthesis under industrial conditions.

In this connection, the present work is aimed
at studying the heterogeneous catalytic reduction of
substituted 5-acyl-1,3-dioxanes in the presence of
various metal-containing catalysts (Pd/C, Ni/kieselguhr,
Pt/Re, Ni/Mo).

MATERIALS AND METHODS

After analyzing the reaction masses, the mass
spectra of the compounds were recorded using the
Chromatec-Kristall 5000M hardware-software complex
(Chromatec, Russia) with the NIST 2012 database
(National Institute of Standards and Technology,
USA). Analysis conditions were as follows: length of
capillary quartz column was 30 m, analysis duration
was 20 min, ion source temperature was 260°C,
transition line temperature was 300°C, scanning
range was 30-300 Da, pressure 37-43 was mTorr,
carrier gas was helium, and heating rate was 20 deg/min.
Mass spectra of the compounds were obtained using
the electron impact ionization method. 'H and
BC nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker AM-500 spectrometer
(Bruker, USA) with operating frequencies of
500 and 125 MHz, respectively; the solvent was
CDCI,. Chemical shifts are given on a scale of
O (ppm) relative to tetramethylsilane as an internal
standard. Spin-spin coupling constants (J) are given
in Hz.

Starting ketones 1-5 were obtained according to
the previously presented procedure [7].

1-(5-Methyl-1,3-dioxan-5-yl)ethanone 1.
T,, = 99-101°C (3 mm Hg). Colorless liquid. '"H NMR
spectrum (CDCL,, 3, ppm): 0.92 s (3H, CH,C), 2.22 s
(3H, CH,CO), 3.45d (2H, 2 CCH,, J = 11.6), 424 d

(2H, 2 CCH,, J = 11.6), 470 d (IH, CHO, J = 6.1),
474 d (1H, CHO, J = 6.0). “C NMR spectrum
(CDCL, 5, ppm): 1828 (CH,C), 2696 (CH,CO),

51.15 (C), 71.22 (2 CH,), 94.55 (CH,0), 208.92 (C=0),

Mass spectrum, m/z (I, %): 144 (2) [M'],
114 (30), 84 (10), 72 (40), 69 (50), 57 (30), 43 (100).

1-(5-Ethyl-1,3-dioxan-5-yl)ethanone 2.
T,, = 110-112°C (3 mm Hg). Colorless liquid.
'HNMR spectrum (CDCL,, 6, ppm): 0.75 t(3H, CH, CH,,
J=1.6),1.48 q 2H, CH,CH,, J = 7.6, 15.3), 2.25 s
(3H, CH,CO), 3.57 d (2H, 2 CCH,, J = 11.5), 432 d
(2H, 2 CCH,, J = 11.5), 4.68 d (1H, CH O, J = 6.0),
4.88 d (1H, CHO, J = 5.9). "C NMR spectrum
(CDCL,, 6, ppm): 7.78 (CH,CH,,), 25.08 (CH,CH,),
26.98 (CH,CO), 51.10(C), 71.95 (2 CH,), 94.17 (CH,0),
208.91 (C=0).

Mass spectrum, m/z (I, %): 158 (1) [M'],
128 (10), 99 (5), 83 (30), 71 (7), 67 (10), 57 (20),
43 (100).

1-(5-Isopropyl-1,3-dioxan-5-yl)ethanone 3.
T,, = 129-131°C (3 mm Hg). Colorless liquid.
'H NMR  spectrum (CDCL,, 8, ppm): 0.9 d (3H,
CH.CH, J=7.0), 1.00 d (3H, CH,CH, J = 7.0), 1.63 m
(2H, CH,CH), 2.27 s (3H, CH,CO), 3.48 d (2H,
2 CCH,, J = 11.5), 434 d (2H, 2 CCH,, J = 11.4),
4.62d (1H, CH O, J=6.0), 4.98 d (IH, CH O, J = 6).
PC NMR spectrum (CDCL,, 8, ppm): 16.02 (CH,CH),
26.94 (CH,CO), 29.29 (CH,CH), 51.18 (C), 71.76
(2 CH,), 94.12 (CH,0), 209.93 (C=0).

Mass spectrum, m/z (I, %): 158 (2) [M'],
12 (50), 110 (20), 99 (30), 86 (70), 83 (80),
71 (20), 57 (40), 43 (100).

1-(5-Methyl-1,3-dioxan-5-yl)propan-1-one 4.
r,, = 129-131°C (3 mm Hg). Colorless liquid.
'H NMR spectrum (CDCIL, 6, ppm): 1.05 t
(3H, CH.CH,, J = 7.2), 1.33 s (3H, CH,C,), 2.25 q
(3H, CH,CH, J = 7.5, 12.0), 3.46 d (2H, 2 CCH,,
J =11.2), 432 d (2H, 2 CCH,, J = 11.0), 4.62 d
(IH, CHO, J = 6.0), 498 d (1H, CHO, J = 6.1).
PC NMR spectrum (CDCI,, 8, ppm): 9.77 (CH,CH,),
16.33 (CH,C), 29.94 (CH,CO), 51.13 (C), 73.76
(2 CH,), 94.12 (CH,0), 209.92 (C=0).

Mass spectrum, m/z (I, %): 158 (1) [M'], 110 (25),
99 (60), 86 (30), 83 (40), 71 (20), 57 (40), 43 (100).

(5-Methyl-1,3-dioxan-5-yl)(phenyl)methanone 5.
T,, = 156-157°C (1 mm Hg). Colorless liquid.
'H NMR spectrum (CDCL, 8, ppm): 1.34 s (3H, CH,),
378 d (2H, 2 CH,, J = 11.2), 444 d (2H, 2 CH,,
J=11.3),4.84d(1H,CH O,J=5.0),4.98d (1H, CH O,
J =52), 74-7.8 m (5H, Ph-). BC NMR spectrum
(CDCL,, 6, ppm): 18.93 (CH,), 47.56 (C), 73.34
(2 CH,), 91.91 (CH,0), 205.43 (C=0).

Mass spectrum, m/z (I, %): 206 (1) [M'],
188 (20), 176 (40), 108 (100), 87 (20), 81 (90), 55 (60).

General method for hydrogenation of ketones 1-5

In order to study the process of hydrogenation
of ketones to obtain alcohols, catalytic
hydroprocessing systems, which are widely available
in the petrochemical industry, are used [8, 9].
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The following commercially available catalysts
were used: Pd supported on activated carbon, PK-400
catalyst grade with a Pd content of 2 wt % (Redkinsky
catalyst plant, Russia); Ni/kieselguhr catalyst—basic
nickel carbonate on kieselguhr with the addition of
graphite (Sintez-Kaustik, Russia) with a Ni content
of 45 wt %; Pt/Re catalyst supported on alumina,
catalyst grade RB-44 U (Olkat, Russia) with a
Pt content of 0.25 wt % and Re of 0.4 wt %;
bifunctional Ni/Mo catalyst supported on alumina,
catalyst grade TK-743 (Haldor Topsoe, Denmark)
with a Ni content of 5 wt % and Mo of 25 wt %).

The wused catalytic systems have proven
themselves well in the hydrogenation of acetylene
and carbonyl compounds impurities, as well as in
the process of hydrocracking, etc. [8—14] (Table 1).

For hydrogenation, a Katakon flow -catalytic
unit (Katakon, Russia) was used, comprising a metal
reactor with a heating jacket, a burette for feeding
raw materials, an automatic pump, and a control unit.
Operating parameters of the installation were as follows:
volume of the reaction zone was 15 cm?®, temperature
range was 50-600°C, pressure was up to 100 atm.

The required catalyst (Pd/C, Ni/kieselguhr, Pt/Re,
or Ni/Mo) was loaded into a flow reactor with a volume
of 15 cm®. The catalyst was activated in a stream of
nitrogen or hydrogen at 350-450°C. Additionally,
while cooling the reactor to 200°C at a rate of
0.27 mL/min, 15 mL of ketone and hydrogen were
supplied at a rate of 0.230 mL/min. The pressure was
set at 8 atm. The resulting catalyzate was filtered off
and evaporated.

Using this hydrogenation method, the following
alcohols were obtained:

1-(5-Methyl-1,3-dioxan-5-yl)ethanol 6.
T, = 105-106°C (3 mm Hg). Colorless liquid.
'H NMR spectrum (CDCL,, 8, ppm): 0.83 s (3H, CH,C),
1.14 d 3H, CH.,CH,, J = 6.5), 2.22 s (3H, CH,CO),
345 dd (2H, 2 CCH,, J = 114, 11.5), 3.75 d (1H,
CHOH, J=11.4),4.24dd (2H, 2 CCH, J= 11.6, 11.2),
4.70d (1H,CH O, J=6.1),4.74 d (1H, CH,0, J = 6.0).
PC NMR spectrum (CDCIL,, 6, ppm): 14.28 (CH,C),
18.47 (CH,C), 26.96 (CH,CO), 39.66 (C), 69.44 (CH),
71.43 (CCH,), 71.92 (CCH,), 94.55 (CH,0).

Mass spectrum, m/z (I, %): 146 (2) [M], 98 (10),
86 (20), 72 (100), 57 (95), 43 (90).

1-(5-Ethyl-1,3-dioxan-5-yl)ethanol 7.
T,, = 122-123°C (3 mm Hg). Colorless liquid.
'H NMR spectrum (CDCI,, 6, ppm): 0.8 t (3H, CH,CH,,
J=119), 1.15d (1H, CH,CH, J = 6.5), 1.42-1.55 m
(2H, CH,CH)), 3.75 dd (2H, 2 CCH,, J = 11.7, 11.4),
3.88 d (1H, CHOH, J = 11.6), 4.08 dd (2H, CCH,,
J=1638,10.5),4.75d (1H, CH O, J = 6), 4.85 d (1H,
CH,0, J = 6.0). *C NMR spectrum (CDCI,, 8, ppm):
8.49 (CH,CH,), 17.49 (CH,CH), 26.81 (CH,CH,),
37.74(C), 68.38 (CHOH), 73.46 (CCH,), 74.13 (CCH,),
94.05 (CH,0).

Mass spectrum, m/z (I, %): 160 (<1) [M'],
98 (10), 86 (60), 72 (100), 57 (95), 43 (90).

1-(5-Isopropyl-1,3-dioxan-5-yl)ethanol 8.
T, = 131-132°C (2 mm Hg). Colorless liquid.
'H NMR spectrum (CDCL,, 6, ppm): 0.9 d (3H, CH,CH,
J =9.1), 1.00 d 3H, CH,CH, J = 7), 1.27 d (IH,
CH,CH, J = 6.5), 1.73-1.81 m (2H, CH,CH), 3.72 dd

Table 1. Physicochemical and textural characteristics of the catalytic systems used

Catalyst
No. Indicator

Pd/C Ni/kieselguhr Pt/Re Ni/Mo
1 Metal content, wt % 2 45 0.25-0.4 5-25
2 Granule size, mm 2.8-5.5 4.0-5.0 1.6 1.5-3.0
3 Bulk density, g/lcm® 0.52-0.6 1.0-1.3 0.69-0.72 0.58-0.65
4 Specific surface area, m*/g 230 280 170-210 180
5 Metal particle size, nm 1.5-2 6-8 4-6 4-6
6 Pore volume, cm®/g 0.5 0.6 0.5 0.85-0.96
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(2H,CCH,,J=6.0,11.0),4.00d (1H, CHOH, J=11.6), RESULTS AND DISCUSSION

4.12 dd (2H, CCH,, J = 6.6, 11.5), 4.67 d (1H, CH O,

J=5.8),4.88d (1H, CH O, J=5.8). "C NMR spectrum Previously [7], we showed that in a hydrogen

(CDCL,, 3, ppm): 16.02 (CH,CH), 19.27 (CH,CH), flow in the presence of a Pd/C catalyst, 5-acyl-

26.91 (CH,CO), 39.17 (C), 68.44 (CHOH), 72.41 -1,3-dioxanes are reduced to the corresponding

(CCH,), 72.66 (CCH,), 94.14 (CH,0). heterocyclic alcohols. Continuing this work, we
Mass spectrum, m/z (I, %): 160 (2) [M], 72 (60), studied the hydrogenation of heterocyclic ketones

57 (50), 45 (30), 43 (70), 39 (20), 32 (100). 1-5 in the presence of a number of industrial
1-(5-Methyl-1,3-dioxan-5-yl)propan-1-ol 9. metal-containing catalysts: Pd/C, Ni/kieselguhr,

T,, = 114-116°C (2 mm Hg). Colorless liquid. Pt/Re, or Ni/Mo.

'H NMR spectrum (CDCIL,, 3, ppm): 1.02 t (3H, Among the catalysts studied (Table 2), the best

CH,CH,,J=17.5),1.33s(3H,CH,C,),2.12d (1H, CH, performance was demonstrated by Pd/C, which is used
J= 8 0) 2.23d(IH,CH,, J= 8. 1) 3.98 d (1H, CHOH in the reduction of unsaturated and carbonyl compounds
J=11.4),4.32dd (4H, 2CCH2,J 11.0,7.0),4.77d (1H, [15-19]. The conversion on Pt- and Ni-catalysts was
CHO, J = 6.0), 494 d (IH, CHO, J = 6.1). 1.5-2.5 times lower; in all cases, the selectivity was
PC NMR spectrum (CDCI,, 8, ppm): 11.77 (CH,CH,), more than 70%.

16.35 (CH,C), 27.93 (CH,CO), 39.17 (C), 68.42

(CHOH), 72.47 (CCH,), 74.61 (CCH,), 94.12 (CH,0).

Mass spectrum, m/z (I, %): 160 (1) [M], 99 (60),
86 (80), 71 (40), 57 (70), 43 (100).
5-Methyl-1,3-dioxan-5-yl-(phenyl)methanone 10. %\
T. = 163-165°C (I mm Hg). Colorless liquid. —)
\/ \/

b.p

'H NMR spectrum (CDCl,, 8, ppm): 1.06 s (3H,
CH)), 3.79 dd (2H, CCH,, J = 11.7, 11.4), 3.94 d (1H,

CHDH J=11.0), 4.08 (id (2H, CCH,, J = 6.8, 10.5), 1-5
488 d (IH, CHO, J = 5.2), 492d(1H CH,O,
J=52), 72— 78 m (5H, Ph-). BC NMR spectrum RI*CH R’=CH, (1, 6),R'= C,H,, RZ*CH (2 7)
(CDCL,, 6, ppm): 18.81 (CH,), 39.51 (C), 73.32 =i- C3H7, R?= CH (3,8),R'= CH R*=CH, (4,9)
(2CH,), 75.31 (CH), 91.94 (CH,0), 129.44-139.22 (Ph-). R!'= CH R?>=Ph (5, 10)

Mass spectrum, m/z (I, %0): 208 (1) [M'], 108 (100), ) )
104 (60), 87 (20), 55 (60). Scheme 1. Hydrogenation of 5-acyl-1,3-dioxanes.

Table 2. Hydrogenation of substituted S5-acyl-1,3-dioxanes 1-5 in the presence of various catalysts.
Synthesis conditions: 200°C, reaction time = 1 h, molar ratio of ketone/H, =1 : 6.

Catalyst
cosl::g(ﬁ::lgds s::g;igt‘; PA/C Pt/Re Ni/kieselguhr Ni/Mo
C5% | S5% | C% | $% | C% | S% | C% | S %
1 6 80 98 70 95 50 85 40 95
2 7 90 95 50 95 40 80 40 90
3 8 80 95 40 95 30 80 20 95
4 9 60 95 50 80 30 60 30 80
5 10 65 95 40 70 25 75 20 70

Note: C is a conversion, %; S is a selectivity, %.
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The conversion of ketones 1-5 is also affected by
substituents having different structures at the carbonyl
group and the 5th position of the 1,3-dioxane ring. The
ethyl and phenyl radicals at the C=0 group reduce
the conversion of compounds 4 and 5. The activity of
ketones 2 and 3, containing ethyl or isopropyl groups
in the 5th position, slightly decreases as compared to
methyl ethyl ketone derivative 1.

It is noted that the hydrogenation of ketone 5 did
not reveal products of complete or partial reduction of
the aromatic nucleus.

CONCLUSIONS

The heterogeneous Pd/C catalyst allows 5-acyl-1,3-
dioxanes to be reduced to the corresponding alcohols
with a selectivity of more than 95%. Ni-containing
catalysts are significantly less active when used in this
process.
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Abstract

Objectives. With the growing resistance of pathogenic microorganisms to antibiotics, the
development of new antimicrobial drugs offering specific mechanisms of action becomes an
urgent task. Only few antimicrobials offer a broad spectrum of activity against gram-positive
and gram-negative bacteria, molds, and yeasts. In this regard, the purpose of the work was
to develop methods for synthesizing biologically active derivatives of alkyl-substituted phenols
(reactions at the hydroxy group) to study their biological effect.

Methods. The synthesis of imidazole acetates of substituted phenols was carried out in two
stages. At the first stage, the chloroacetyl derivative of the selected compounds was obtained, to
which imidazole was then added. O-acylation reactions at the first stage of the synthesis were
carried out under varying conditions. The first version of the synthesis was carried out using
chloroacetyl chloride as an acylating agent together with a high-boiling solvent. In the second
variant, chloroacetic anhydride was used, along with an attempt to replace the solvent with a
low-boiling one. A thymol methoxy derivative was additionally synthesized by a known method
using methyl iodide and varying the reaction parameters.

Results. The parameters of chloroacetylation and methoxylation of aromatic alcohols were
optimized with rational selection of solvents and the ratio of reagents in the reactions. Synthesized
thymol (2-isopropyl-5-methylphenol) and propofol (2,6-isopropylphenol) derivatives contained
imidazole as an additional pharmacophore with affinity for microorganism cell membrane proteins.
A thymol methoxy derivative comprising an aromatic ether exhibiting increased hydrophobicity
was also obtained. The synthesized compounds were characterized by NMR spectroscopy.
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Conclusions. Chloroacetyl derivatives of aromatic alcohols can be effectively synthesized by
cooling the reaction mixture using an excess quantity of an acylating agent and increasing the
reaction time (compared to literature data). The yield of thymol chloroacetate was 75%, while that
of propofol chloroacetate was 30%. This can be explained by the sterically hindered reaction of

the propofol alcohol group, which has isopropyl substituents at the second and sixth positions of
the benzene ring.

Keywords: alkyl-substituted phenols, imidazole, thymol, propofol, chloroacetate
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HAYYHAS CTATbBA

IHosryyeHure mMpou3BOAHBIX 3aMEIICHHBIX (PEHOJI0B
C MOTEHIUAJIBbHON AHTUMUKPOOHOI AKTUBHOCTHIO

B.A. CoxpaHeBa, [I.A. IOcynioBa, B.C. Bopuckus, H.B. I'po3a™

MHPSA — Poccutickuii mexHoso2u1eckuii yHugepcumem (MHcmumym moHKUX XUMUUECKUX MEeXHOI02UTL
um. M.B. AomoHocosa), Mockea, 119454 Poccus
“Corresponding author, e-mail: grozanv@gmail.com

AnHOmauyus

Ienu. B css3u ¢ pacmyujeli peaucmeHmHOCmMbI0 NAMO2EHHbIX MUKPOOP2AHUIMO8 K AHMUOUO-
murKam akmyanbHol 3adaueli siensiemest pa3pabomiKa HO8blX NPOMUBOMUKPOOHBIX Npenapamos
C YHUKANbHbIM MexaHUusmom oeticmeust. HemHozue aHmumukpobHole npenapamst obradarom
WUPOKUM cneKmpom Oelicmeust Ha 2PAMNOIoKUMeNbHble U 2pamompuyamenibHble baxkmepuu,
nneceHu U OpoxoKu. B cessu ¢ amum, yenb Hawell pabomul — paspabomams cnocobvl cuHme-
3a buosi02uUecKU aKMuBHbLX NPOU3BOOHLIX ANKU-3AMEULeHHbLX (heHOoN08 (peaKyull no sudpocu-
epynne) oas uccanedo8aHus ux buonoeuueckozo oeticmaust.

MemooOust. CurHmes umMudasoNaAuemamog 3aMeuleHHblX (heHOo08 NPosoouacs 8 0ee cmadull.
Ha nepeoii cmaduu 6blL10 NOAYUEHO XJ0PAUEMUIbHOE NPOU3BOOHOE 8blOPAHHBLLX COeOUHEeHU,
K Komopomy oasniee npucoeduHsinics umuoaszon. Peaxyuu O-ayunuposaHus Ha nepeoil cmaouu
cuHmesa NpPoooUNUCL 8 Pa3NUUHbLX Yycrosusix. Ilepswlili sapuarm cuHmesa npoeoounu C UC-
NO/b308AHUECM XAOPAUEMUAXAOPUOA 8 Kauecmee AUUAUPYIULe20 dzeHma U 8blCOKOKUNSULE20
pacmeopumens. Bo emopom eapuarme UCnonb308a4U XA0PYKCYCHbLI aHzudpud, u bvia npeo-
NPUHAMA NONbLIMKA 30MEeHUMb pacmeopumenb Ha Huskokunswul. Taxxe 6bLio cuHmesuposa-
HO MemoKCcUnpou3go0Hoe mumoaa No U3eCmMHOU memooukKe, ¢ NpumMeHeHUem memuaiioouoa u
8aPbUPOBAHUS NAPAMEMPO8 PEaKYUU.

Pesynomameul. [IpogedeHa onmumuszauuss NaApamempos XA0pauemuiuposaHus. U MemorKcu-
AuposaHust apomamuueckux cnupmos. Ocywecmsner nodbop pacmeopumeneii U coomHoule-
HUsl peazeHmos8 8 peakyusx. bouiu cuHmesuposaHsl NPou3eooHble MUMONA (2-U30NPoNnus-5-
Mmemungerona) u nponocgoaa (2,6-uzonponungerona), codepxawjue uMuoason 8

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(3):210-230
211


https://doi.org/10.32362/2410-6593-2022-17-3-210-230
https://doi.org/10.32362/2410-6593-2022-17-3-210-230
mailto:grozanv@gmail.com

Obtaining substituted phenol derivatives with potential antimicrobial activity

Kauecmee O0O0NOJHUMENbHO20 hapmarKodopa, umernuiez0 cpoocmeo K 6enKam KaemouHbLX
MmembpaH mukpoopeaHuzmos. Tarrke 6bL10 NOAYUeHO MeMOKCUNPOU3BO0HOE MUMOSA — APOMAMU-
ueckull npocmotl aghup ¢ nogvluleHHOU 2udpogpobrHocmuvro. CuHmesupo8aHHbule coeOuHeHUst bbliu
oxapaxkmepu3oeaHsbl memooom AMP-cnekxmpocKonuu.

Bbteoodst. CuHmes XI0payemuibHblX NPOU3800HbIX APOMAMUUECKUX CNUPMOE NPU OXaiKoe-
HUU PeaKyUOHHOT MACCbL C UCNONb308AHUEM USOLIMIKA AUUNUPYOULEe20 azeHma U YeenudueHuem
8pemeHU peaKyuu (No CPaAsHEHUIO C AUMepamypHuimMu 0aHHbIMU) seasemcest 6osee npeonoumu-
menbHbiM. Bbixoo xnopauemema mumona cocmasun 75%, xnopauemama nponogona — 30%,
UMo MOKHO 06BSICHUMb cmepuuecku 3ampyoHEeHHbIM peazuposaHUem Cnupmosoll epynnsl npo-
nogpona, umerouiezo U3onponuabHble 3amecmumenu no 2 u 6 noaoskeHusim 6eH30/1bH020 KObUA.

Knroueevle cnoea: ankusi-3ameuieHHole heHOobl, UMUOA30, MUMOJL, NPONOGOa, Xxaopauemam

Jna yumuposanun: Coxpanena B.A., IOcynosa JI.A., bopuckun B.C., I'po3a H.B. [TonyyeHue npousBoIHbBIX 3aMe-
LICHHBIX (JEHOJIOB ¢ NOTEHIUAIbHON aHTUMUKPOOHOM aKTUBHOCTBIO. Tonkue xumuueckue mexrnonoeuu. 2022;17(3):210-230.

https://doi.org/10.32362/2410-6593-2022-17-3-210-230

INTRODUCTION

Infectious diseases remain highly prevalent,
posing a continuing serious threat to human health.
This risk is also associated with the growing resistance
of pathogenic microorganisms to antibiotics.
Despite significant advances in the understanding of
antimicrobials, their use in the treatment of infections
is impeded due to their high toxicity. It is also worth
noting that few antimicrobials offer a wide spectrum
of action on gram-positive and gram-negative bacteria,
as well as fungi. Therefore, the development of new
antimicrobial drugs that offer a unique mechanism of
action is a relevant research direction [1].

Currently, there is increasing data indicating the
positive effect on the human body of various diets rich
in plant products. Products containing phenolic and
polyphenolic compounds are considered to be one of the
most valuable components of nutrition [2, 3]. Studies
show that the consumption of natural substituted
phenols can reduce the risk of developing many
diseases, including cardiovascular and neurodegenerative
pathologies, as well as some forms of cancer. Phenols
have also been found to affect lipid metabolism [4]. In
addition, it is known that natural phenols can suppress the
negative effects of bacterial, viral and fungal infections,
as well as interact with a wide number of proteins, such

as enzymes, tissue proteins and membrane receptors, to
modulate their activity [5].

Due to their antibacterial, antiviral, anti-
inflammatory, antioxidant, and antitumor properties,
phenolic compounds are among the most attractive
potential antimicrobial agents [6].

On the other hand, imidazole compounds
have been of interest to researchers for more than
a century. As well as occupying a unique position in
the chemistry of heterocycles, imidazole derivatives
have recently been used more widely in chemistry
and pharmacology. Imidazole is a nitrogen-containing
five-membered heterocyclic ring of biological and
pharmaceutical significance. The imidazole ring is
part of several important natural molecules, including
purine, histamine, histidine, and nucleic acid. Being
a polar and ionizable aromatic compound, imidazole
is used to optimize the parameters of solubility and
bioavailability of poorly soluble drugs by improving
the pharmacokinetic characteristics of synthesized
complex molecules [7]. Moreover, the availability of
several viable methods for synthesizing imidazole-
containing compounds opens up wide opportunities in
the field of medical chemistry. Imidazole derivatives,
as well as substituted phenols, have a wide range of
biological activity: antibacterial, anticancer, anti-
tuberculosis, and antifungal.
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In this regard, the aim of the present work was
to develop methods for the synthesis of imidazole-
containing derivatives of alkyl-substituted phenols
in order to study their possible antimicrobial activity.
In addition, there are suggestions that two types of
bioactivity may occur during the hydrolysis of such
conjugates. In this work, the initial phenolic compounds
from which imidazolacetates were synthesized were
thymol (2-isopropyl-5-methylphenol) and propofol
(2,6-isopropylphenol).

Examples of conjugation of phenols
and polyphenols with imidazole
and their biological activity

Imidazoles are well-known and widespread
heterocyclic compounds (Fig. 1). As is known from
many literary sources, imidazole derivatives exhibit
various biological activities, including antitumor,
antifungal [8] and antibacterial [9] ones.

Imidazole and nafimidone derivatives were
obtained according to the schemes shown in Figs. 2
and 3 according to the methodology described in [10].

Fig. 1. General structure of imidazoles.

The compounds were evaluated in vitro in
comparison with three Candida fungi, which are
frequent pathogens of nosocomial infections and
pathogenic to people with weakened immune
systems: Candida albicans (ATCC 90028), C. krusei
(ATCC 6258), and C. parapsilosis (ATCC 22019)
[11], as well as against four conditionally pathogenic
bacteria pathogens of nosocomial infections:
Staphylococcus aureus (ATCC 25923), Enterococcus
faecalis (ATCC 29212), Escherichia coli (ATCC 25922),
and Pseudomonas aeruginosa (ATCC 27853) [12]
(Table 1).

¢}
CHj
+ Bn,

(0]
“)‘\CHZ

HN
CH;COOH Br 4 \\
+
0°C Ny
1) DMF
2) HCl/benzene
OH
N|/ o
CH, N NH,OH - HCI CH,___N
\\ - \ - HCI
< NaOH & \
1 \N \N
1) C,HsONa
2) RX/DMF
OR
OR
N N
CHy— N HCI CH, N
\ benzene \ * HCI
XN or ether X
N N
2-9

Fig. 2. Synthesis of nafimidone oxime and oxime ethers by O-alkylation of the oxime with an alkyl halide.
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o o
CH2X
o + NHOH ——— N—oOH —————————> N——O——CH,
CH;COONa - 3H,0
) 0

Yield = 80%

Pyrldlne

Absolute
ethanol

“)\CHZ\N

Yield = 16%

Yield = 51%

1) HoNNH, - H,0
2) HCl

CHZ‘N
+ H;N——O——H,C - H
Cl

Yield = 70%

Fig. 3. Synthesis of nafimidone O-benzyloxime (7) by condensation of a ketone with an O-substituted hydroxylamine.

The results of the studies showed that only
compound 1 was inactive against both bacteria and
fungi. Most compounds (2, 3a, 3b, 4, 6, 7, 8, and 9)
were active against gram-positive bacteria, especially
S. aureus, at low values of the minimum inhibitory

concentration (MIC, Eng. minimum inhibitory
concentration, MIC). Compounds 2, 3a, 3b, 4, and 9
demonstrated effective activity against E. faecalis
at concentrations of 4-16 pug/mL, while the reference
substance, amikacin, was active at a concentration

Table 1. Antibacterial and antifungal activity of compounds (MIC in pg/mL)

Bacteria (MIC pg/mL) Fungi (MIC pg/mL)
Compound [ ¢ reus BN aecais E. coli Pauruginosa | Calbicans | Chusei | C parapsilosis
ATCC25923 | ATCC 29212 | ATCC25922 | ATCC27853 | ATCC90028 | ATCC 6258 ATCC 22019
1 >64 >64 >64 >64 >64 >64 >64
2 32 16 >64 >64 64 32 64
3a 0.5 16 >64 >64 1 1 2
3b 8 16 >64 >64 2 4 4
4 8 4 >64 >64 16 32 32
5 >64 >64 >64 >64 8 16 8
6 1 >64 >64 >64 >64 >64 >64
7 0.5 >64 >64 >64 >64 >64 >64
8 0.5 >64 >64 >64 >64 >64 >64
9 2 4 32 >64 >64 >64 >64
Fluconazole - - - - 0.25 16 1
Amikacin 4 64 1 2 - - -
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of 64 pg/mL. All derivatives (except compound 9
against E. coli) were inactive against gram-negative
bacteria. Only five compounds (2, 3a, 3b, 4, and 5)
demonstrated activity against fungi. In relation to
C. krusei compounds, 3a and 3b showed even better
activity than fluconazole. Compound 3a showed the
best activity against both bacteria and fungi [13].

The general structure of nafimidone oxime and
oxime esters is shown in Fig. 4.

In order to study the effect of stilbenes
conjugated with 2-aminoimidazole on biofilms
P Aeruginosa resistant to many known antibiotics,
compounds 10, 11, and 13a-b were synthesized
(Fig. 5). Biofilms were grown in a modified
M9 medium in 96-well microtiter plates. As a result,
it was found that compounds 10 and 11 are able
to inhibit the growth of P. aeruginosa film up to 24 h
by 56% and 48%, respectively. Compounds 13a-b
did not demonstrate any antibacterial activity [14].

A series of new imidazole derivatives 17a-m
(Fig. 6) was synthesized to evaluate their antifungal
activity in vitro. Five species of conditionally
pathogenic Candida were selected for the tests,
including Candida glabrata 80, Candida glabrata 67,
Candida albicans 135, Candida parapsilosis 208, and
Candida pseudotropicalis 801 [14].

OR

CHy— N

S

N

Fig. 4. General structure of nafimidone oxime
and oxime ethers.

The synthesis was carried out in accordance
with the scheme in Fig. 6. The synthesis of
intermediates of (£)-2-bromo-1-(5-aryl-3-pyridine-
2-yl-4,5-dihydro-pyrazole-1-yl)-ethanones (16a-m)
was carried out by reacting bromoacetyl chloride
with (£)-5-aryl-3-(pyridine-2-yl)-4,5-dihydro-1H-
pyrazoles (15a-m), which were obtained from the
corresponding 3-aryl-1-(pyridine-2-yl)-propenones
(14a-m) treated with hydrazine hydrate. Further, the
corresponding  4,5-dihydro-1H-pyrazoles (15a-m)
were isolated, from which compounds 16a-m were
obtained. After that, treatment of compounds 16a-m

Table 2. Structures, solvents used for recrystallization, yields (%) and melting points (7 ) of compounds

Compound R X Solvent used for recrystallisation Yield, % T, °C

1 -H HCI Methanol 82 193-196

2 —CH, HCI Methanol/Ethyl acetate 47 167-168
3a (E) ~-C,H, HCI | (1) Methanol/water, (2) Methanol/ Ethyl acetate 46 92-94
3b(2) -C,H; HCl Methanol/Ethyl acetate 33 82-84

4 -C,H, HCI (1) Methanol/water, (2) Methanol/Ethyl acetate 84 170-172

5 ~CH,~CH=CH, HC1 Methanol/Ethyl acetate 58 164-166

6 -CH,, (cyclo) HC1 (1) Ethyl acetate, (2) Benzene 34 179-181

7 —-CH,CH, HCl (1) Methanol/water, (2) Benzene 97 158-160

8 4-CH,C H,CI HCl (1) Methanol/water, (2) Dioxane 87 188-190

9 24-CH,CH,CL, | HCI Dioxane/ether 56 186187
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Fig. 5. Scheme for the synthesis of stilbene derivatives.
(a) Styrene, Pd(OAc),, CH,CN, DIPEA, 80°C, 76%; (b) SnCl, - 2H,0, EtOAc, 80°C; (c) CNBr, MeOH/H,O (1:1), 50°C, 91%;
(d) imidazo [1,2-a]pyrimidine hydrobromide, Pd(OAc),, PPh,, Cs CO,, 1,4-dioxane, 100°C, 82%; () 20% N,H,/EtOH, 105°C, 84%;
(f) styrene, Pd(OAc),, P(o-tolyl),, NEt,, 100°C, 73-76%. DIPEA = N,N-diisopropylethylamine.

with imidazole in the presence of acetonitrile led to
(£)-1-(5-aryl-3-pyridine-2-yl-4,5-dihydro-pyrazole-
1-yl)-2-imidazole-1-yl-ethanones ~ (17a-m)  being
obtained.

The synthesized compounds showed different
antifungal activity in vitro against the tested
Candida strains (Table 3). The following substances
were used as reference substances: miconazole
(Mic), S5-fluorouracil (5FC), and amphotericin B
(AMB). Compounds 17a, 17b, 17e, 17f, and 17j
were equally active against C. pseudotropicalis 801
(CPs 801) and C. glabrata 80 (CG 80), MIC values
were 62.5 pg/mL after 24 and 48 h. At the same
time, with respect to the C. glabrata 67, MIC values
from 62.5 pg/mL were increased to 125 pg/mL and
500 pg/mL after 24 and 48 h, respectively. With
respect to C. parapsilosis 208 (CP 208), MIC values
of 62.5 png/mL showed only compounds 17h, 17i,
and 17k. None of the tested compounds demonstrated
activity against C. albicans 135 [13].

Hydroxylated derivatives of thymol (20a-e)
were synthesized to evaluate the inhibitory effect
on fungal tyrosinase (Fig. 7). The intermediate
chloroacetyl product 18 was obtained by esterification
of the hydroxyl group of thymol with chloroacetyl
chloride in the presence of triethylamine and
methylene chloride as a solvent. The target synthesis
product 20a-e was obtained by nucleophilic
substitution in the intermediate compound 18 with
hydroxysubstituted benzoic acids 19a-e.

The synthesis of mono- and dihydroxylated
thymol derivatives with different positions of the
hydroxyl group in the phenyl ring was carried out
to study the role of multiple hydroxyl groups in
tyrosinase inhibition. As a result, it was found out
that the determining factor of inhibitory ability
is not the number of hydroxyl groups, but their
position [15]. Thus, the compound 20d containing
the 3,4-dihydroxy-substituted part of benzoic acid
showed higher activity (IC, = 45.0 uM) than 20¢ and
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Fig. 6. Scheme for synthesis of (+)-1-(5-aryl-3-pyridin-2-yl-4,5-dihydro-pyrazol-1-yl)-2-imidazol-1-yl-ethanones (17a-m).

Table 3. Activity of derivatives of (+)-1-(5-aryl-3-pyridine-2-yl-4,5-dihydro-pyrazole-1-yl)-2-imidazole-1-yl-ethanones (17)
against three strains of Candida

Compound R Yield, % Range, pg/mL CP 208 CPs 801 €G 80

24 h 48 h 24 h 48 h 24 h 48 h

AMB - - 0.5-8 1 2 2 <0.5 2 2

Mic - - 5-80 <5 <5 <5 <5 <5 <5

S5FC - - 2-32 <2 4 <2 8 <2 <2
17a H 53 100016 - - 62.5 62.5 62.5 62.5
17b 2-Cl 45 100016 - - 62.5 62.5 62.5 62.5
17e 2-Br 55 100016 - - 62.5 62.5 62.5 62.5
17f 3-Br 56 1000-16 - - 62.5 62.5 62.5 62.5

17h 2-F 48 1000-62.5 62.5 62.5 - - - -

17i 3-F 46 100016 62.5 62.5 - - - -
17j 4-F 49 100016 - - 62.5 62.5 62.5 62.5

17k 2-CH, 55 1000-16 62.5 62.5 - - - -
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| 19d = 3,4-di-OH
19d = 3,4-di-OH 19e = 3,5-di-OH

19e = 3,5-di-OH ’

Fig. 7. Scheme for the synthesis of thymol derivatives (20a-e).

20e, for which the IC,  value was 56.1 and 220.9 uM,
respectively. Derivatives 20c¢ and 20e contain 2.4-
and 3.5-dihydroxy-substituted benzoic acid residues,
respectively. Inthe case of compound 20d, two hydroxy
groups are present in adjacent positions of the phenyl
ring. This prevents the molecule from interacting well
with the enzyme. This structural feature correlates
well with L-3,4-dihydroxyphenylalanine (L-DOPA),
which is used as a substrate for the enzyme tyrosinase
during bioanalysis. Thus, the compound 20d is
the most active among the dihydroxylated thymol
derivatives due to its close structural similarity to
L-DOPA. Table 4 shows the IC, values of synthesized
thymol analogues. It can be seen that kojic acid
exhibits better activity than all synthesized thymol
derivatives [15].

In order to determine the optimal conditions
for carrying out the acylation reaction of phenolic
compounds, Uzbek scientists carried out syntheses
under various conditions described in [16]
(Fig. 8, Table 5). The chloroacetylation reaction of
4-hydroxyacetanilide was carried out in the presence
of various catalysts and solvents. As a result of
chloroacetylation of 4-hydroxyacetanilide in the
presence of Lewis acids as a catalyst, two products
are formed: 4-N-acetaminophenyl chloride and

5-N-acetamino-2-hydroxyphenacyl chloride. When the
reaction is carried out in the absence of a catalyst, the
O-acylation reaction predominates, resulting in a high
observed yield of 4-N-acetaminophenyl chloroacetate.
Table 5 shows that the best yield is observed when
using chloroform as a solvent [16].

In this experimental work, we synthesized
derivatives of thymol (2-isopropyl-5-methylphenol)
and propofol (2,6-isopropylphenol) with imidazole
via O-chloroacetates. A methoxy derivative of thymol
was also obtained.'

EXPERIMENTAL

Devices and materials

'H and "*C NMR spectra was recorded on a pulsed
Fourier spectrometer MSL-300 (Bruker, Germany) in
CDCl, or DMSO-d, with tetramethylsilane as an internal
standard. Chemical shifts are given in ppm; spin-spin
interaction constants are in hertz. Column chromatography
was performed using silica gel Kieselgel 60 (Merck,

! The numbering of connections in this and the following
sections is autonomous.
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Table 4. Activity of thymol derivatives 20a-e against fungal tyrosinase

Tyrosinase inhibition activity
Compound
% Inhibition, 25 pg/mL IC,,+ SEM uM
20a 48 + 1 79.3+£5.3
20b 3342 91.5+9.4
20c 68 +£2 56.1£5.9
20d 55+3 45.0+1.5
20e 5+£2 2209+ 11.6
Kojic acid 100 16.69 £2.8
OH OCOCH,CI OH
COCH,CI
FeCl,, 60°C
+  CICH,cOCI > +
NHCOCH; NHCOCH, NHCOCH;

Fig. 8. Scheme for the synthesis of 4-N-acetaminophenylchloroacetate and 5-N-acetamino-2-hydroxyphenacyl chloride.

Table 5. Chloroacetylation of 4-hydroxyacetanilide in the presence of various solvents [16]

Reagents Reagent ratio Temperature, °C Solvent Yield, %
4-Hydroxyacetanilinide / chloroacetyl chloride 1:1 60-61 Chloroform 86
4-Hydroxyacetanilide / chloroacetyl chloride 1:1 98-100 Heptane 75
4-Hydroxyacetanilide / chloroacetyl chloride 1:1 83-84 Dichloroethane 79

Germany, particle size40—63 pm). Silica Gel 60 F254 plates Preparation of solvents for use in synthesis
(Merck) were used for thin-layer chromatography (TLC)
of'the obtained compounds. The solvents were additionally The following solvents were used in the

dried or high purity reagents from Merck (Germany) synthesis: methylene chloride (CH,Cl,)), petroleum
and Sigma-Aldrich (USA) were used. The glassware ether 40/70 (PE), ethyl acetate (EA), acetone,
was dried at 140°C before use. N,N-dimethylformamide (DMFA), tetrahydrofuran (THF),
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and isopropyl alcohol (IPA). Drying and distillation
of solvents was carried out according to standard
methods.

Synthesis techniques of chloroacetyl derivatives
of substituted phenols and polyphenols

The synthesis of 2-isopropyl-5-methylphenyl-
2-chloroacetate (1) by heating is shown in Fig. 9.

ou

Fig. 9. Scheme for the synthesis of 2-isopropyl-5-methyl-
phenyl-2-chloroacetate (1) by heating (method I).

Hexane, pyrldlne

t= 95—100 C

N

Thymol (2.33 mmol, 350 mg) was dissolved in
15 mL of hexane and transferred to a flask fitted with
a magnetic stirrer. After adding chloroacetyl chloride
(3.26 mmol, 0.26 mL) dissolved in 5 mL of hexane to
the thymol solution, the mixture was stirred and heated
using a sand bath to a temperature of 95-100°C for
3 h. Then pyridine (0.36 mmol, 0.2 mL) was added
to the reaction mass, which was continuously stirred
for another 2 h under heating. The course of the
reaction was controlled using TLC in a PE/EA solvent
system in a ratio of 4:1. The reaction mass was washed
from pyridine, dried over anhydrous sodium sulfate
Na,SO,, and purified by column chromatography
(PE/EA, 20:1—5:1). The yield was 254 mg (48%),
R.=0.77 (PE/EA, 4:1).

'H NMR spectrum (300 MHz, CDCL):
6=1.22-1.24(Ar-CH—(CH,),,6H),2.35(Ar-CH,,3H),
3.01 (Ar—CH,1H),4.34(-CH,~CI,2H),6.88(Ar-H4,1H),
7.10 (Ar—H1, 1H), 7.23 (Ar—H2, 1H).

PC  NMR spectrum (75 MHz, CDCL):
8=20.92 (C6), 23.14 (C7, C9), 27.19 (C8), 40.90 (C12),
122.36 (C4), 126.77 (C1), 127.81 (C2), 136.95 (C3, C5),
147.62 (C10), 166.27 (C14).

The synthesis of 2-isopropyl-5-methylphenyl-
2-chloroacetate (2) by heating is shown in Fig. 10.

Thymol (0.67 mmol, 100 mg) was dissolved
in 10 mL of methylene chloride and transferred
to a flask with a magnetic stirrer. Chloroacetic
anhydride (1.27 mmol, 216 mg) dissolved in 5 mL
of pyridine was added to the thymol solution, and
the mixture was stirred and heated using a sand bath
to a temperature of 50—60°C for 5 h. The course
of the reaction was controlled using TLC in a

CH,CI,, pyridine
_—

Cl
(
t= 50 60 C
OH 2:0
Cl
Fig. 10. Scheme for the synthesis of 2-isopropyl-5-methyl-
phenyl-2-chloroacetate (2) by heating (method II).

PE/EA solvent system in a 10:1 ratio. The reaction
mass was washed from pyridine, dried over Na, SO,
and purified by column chromatography (PE/EA,
25:1—10:1). The yield was 29 mg (19%), R,= 0.67
(PE/EA, 10:1).

'H NMR spectrum (300 MHz, DMSO-d,):
6 = 1.11-1.13 (Ar-CH—(CH,),, 6H), 2.27 (Ar-CH,,
3H), 2.96 (Ar-CH, 1H), 4.72 (-CH-CIl, 2H), 6.90
(Ar-H4, 1H), 7.09 (Ar—H1, 1H), 7.25 (Ar-H2, 1H).

The synthesis of 2-isopropyl-5-methylphenyl-
2-chloroacetate (3) during cooling is shown in Fig. 11.

oW

Fig. 11. Scheme for the synthesis of 2-isopropyl-5-methyl-
phenyl-2-chloroacetate (3) during cooling (method ITI).

% © HS)GN/CH cl,
+
1h t=0°C

OH e} Cl 5h,t=20°C

Thymol (1.26 mmol, 189 mg) and triethylamine
(1.26 mmol, 0.18 mL) were dissolved in 20 mL of
methylene chloride and transferred to a flask with
a magnetic stirrer. The mixture was cooled in an ice
bath to 0°C. Then chloroacetyl chloride (1.26 mmol,
0.1 mL) dissolved in 5 mL of methylene chloride
was added to the reaction mixture drop by drop and
cooled for 1 h. After that, the reaction continued
at 20°C for another 5 h. The course of the reaction
was controlled using TLC in a PE/EA solvent system
in a 5:1 ratio. The reaction mass was extracted
with 1% hydrochloric acid solution, 5% alkali
solution, and with saturated salt solution and
dried over NaSO,. Further, the reaction mixture
was purified by column chromatography (PE/EA,
30:1—-10:1). The yield was 113 mg (40%), R, = 0.63
(PE/EA, 5:1).

'H NMR spectrum (300 MHz, DMSO-d,):
6 = L11-1.13 (Ar-CHACH,), 6H), 227 (Ar-CH,, 3H),
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296 (Ar-CH, 1H), 3.36 (Ar-OH, 4H), 4.72
(-CH,~C1, 2H), 6.90 (Ar-H4, 1H), 7.09 (Ar-H1, 1H),
7.25 (Ar-H2, 1H).

The synthesis of 2-isopropyl-5-methylphenyl-
2-chloroacetate (4) during cooling is shown in Fig. 12.

w2 (L

Fig. 12. Scheme for the synthesis of 2-isopropyl-5-methyl-
phenyl-2-chloroacetate (4) during cooling
(method IV).

{ N/CHCI
.
1ht o°C

OH Cl ] 12-15h, t=20°C

Thymol (2.66 mmol, 400 mg) and triethylamine
(5.32 mmol, 0.74 mL) were dissolved in 10 mL of
methylene chloride and transferred to a flask with
a magnetic stirrer. The mixture was cooled in an ice
bath to 0°C. Then chloroacetyl chloride (13.32 mmol,
1.06 mL) dissolved in 7 mL of methylene chloride
was added to the reaction mixture drop by drop
and cooled for 1 h. After that, the reaction continued
at 20°C for another 12—-15 h. The course of the
reaction was controlled using TLC in a PE/EA
solvent system in a 10:1 ratio. The reaction mass was
extracted with 1% hydrochloric acid solution,
5% alkali solution, and with saturated salt solution
and dried over Na,SO,. Further, the reaction mixture
was purified by column chromatography (PE/EA,
30:1—10:1). The yield was 450 mg (75%), R, = 0.57
(PE/EA, 10:1).

'H NMR  spectrum (300 MHz, CDCL):
6 = 1.22-1.24 (Ar-CH-(CH,),, 6H), 2.35 (Ar-CH,,
3H), 3.01 (Ar-CH, 1H), 434 (-CH,Cl, 2H),
6.88 (Ar—H4, 1H), 7.10 (Ar-H1, 1H), 7.23 (Ar-H2, 1H).

The synthesis of 2,6-diisopropylphenylchloro-
acetate (5) during cooling is shown in Fig. 13.

Cl
Oﬁ)
OH

o
Q
(C,Hy)N/CH,CI,
+ —_—
2h,t=0°C
Cl Cl =20°

20 h, t=20°C

Fig. 13. Scheme for the synthesis
of 2,6-diisopropylphenylchloroacetate (5) during cooling
(method IV).

A mixture of propofol (1) (0.799 mmol),
triethylamine  (0.799  mmol) in  anhydrous
dichloromethane (25 mL) was cooled in a mixture
of ice salt to 0-5°C. Chloroacetyl chloride (2)
(0.799 mmol) was added to this reaction mixture
in dry dichloromethane drop by drop with constant
stirring for 2 h, maintaining a constant temperature.
Then the reaction mixture was stirred at 20°C and
left overnight, after that washed with 1% HCI and
5% sodium hydroxide solution. The organic layer
was washed with saturated aqueous NaCl, dried
over anhydrous sodium sulfate, and filtered and the
solvent was removed at reduced pressure. The
course of the reaction was controlled using TLC in a
PE/EA solvent system in a 10:1 ratio. The mixture
was purified by column chromatography (PE, PE/EA
ratio was 15:1, 12:1, 10:1, 8:1, 6:1). The yield was
43 mg (30.3%). R, = 0.72 (PE/EA, 10:1).

'H NMR spectrum (300 MHz, DMSO-d)):
0 = 1.64-1.69 (Ar-CH-(CH,),, 6H), 3.42-3.44
(Ar-CH, 1H), 533 (-CH,-CI), 7.73 (Ar-H3, 1H),

7.74 (Ar-HS5, 1H), 7.76 (Ar-H4, 1H).

Methods of synthesis of imidazole derivatives
of substituted phenols and polyphenols

The synthesis of 2-isopropyl-5-methylphenyl-
2-(1H-imidazole-1-yl)acetate (6) at 20°C is
shown in Fig. 14.

0B oy

Fig. 14. Scheme for the synthesis of 2-isopropyl-5-methyl-
phenyl-2-(1H-imidazol-1-yl) acetate (6) at 20°C
(method V).

Tetrahydrofuran
12-15h, t=20°C

Imidazole (21.83mmol, 1486 mg) and 2-isopropyl-
S5-methylphenyl  2-chloroacetate  (1.98  mmol,
450 mg) were dissolved in 7 mL of THF and transferred
to a flask with a magnetic stirrer. The mixture was
continuously stirred at 20°C for 12—-15 h. The course
of the reaction was controlled using TLC in the
IPS/CH,CI, solvent system in a 3:2 ratio. The
reaction mass was washed with water and dried over
Na,SO,. Further, the reaction mixture was purified
by column chromatography (IPS/CH,Cl,, 2:3—3:1). The
yield was 20 mg (4%), R.= 0.85 (IPS/CH,CL,, 3:2).

'H NMR spectrum (300 MHz, DMSO-d)):
6 = 0.85-0.89 (Ar-CH~(CH,),, 6H), 2.27 (Ar-CH,, 3H),

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(3):210-230

221



Obtaining substituted phenol derivatives with potential antimicrobial activity

291 (Ar=CH, 1H), 4.57-4.71 (-CHN, 2H), 6.55
(Ar-H4, 1H), 6.70 (-N-CH=CH=, 1H), 6.72 (=CH-N-,
1H), 6.80 (Ar-HI, 1H), 6.95 (-N=CH-N-, 1H), 7.02
(Ar-H2, 1H).

The synthesis of 2-isopropyl-5-methylphenyl-
2-(1H-imidazole-1-yl)acetate (7) at low temperature
is shown in Fig. 15.

2l 203

Fig. 15. Scheme for the synthesis of 2-isopropyl-5-
methylphenyl-2-(1H-imidazol-1-yl) acetate (7) during
cooling (method VI).

Imidazole (4.4 mmol, 300 mg) and 2-isopropyl-
5-methylphenyl  2-chloroacetate  (0.44 mmol,
100 mg) were dissolved in 3 mL of DMFA and
transferred to a flask with a magnetic stirrer and
cooled in an ice bath to 0°C for 2 h. After that,
the reaction continued at a temperature of 20°C
for 12-15 h. The course of the reaction was
controlled using TLC in the IPS/CH,Cl, solvent
system in a 3:2 ratio. The reaction mass was
diluted with water and extracted with CH,Cl,, then
dried over Na,SO, and evaporated using a rotary
evaporator. After removing the solvent, the substance
crystallized. The yield was 64 mg (57%), R, = 0.85
(IPS/CH,CL,, 3:2).

'H NMR spectrum (300 MHz, DMSO-d,):
6 = 0.85-0.89 (Ar-CH—(CH,),, 6H), 2.27 (Ar-CH,,
3H), 2.91 (Ar-CH, 1H), 4.57-4.71 (-CH,-N, 2H), 6.55
(Ar-H4, 1H), 6.70 (-N-CH=CH=, 1H), 6.72 (=CH-N—, 1H),
6.80 (Ar-Hl1, 1H), 6.95 (N=CH-N-, 1H), 7.02 (Ar-H2, 1H).

The synthesis of 2,6-diisopropylphenylimidazol-
acetate (8) at 20°C is shown in Fig. 16.

[

Tetrahydrofuran
16 h, t=20°C

Fig. 16. Scheme for the synthesis of 2,6-diisopropyl-
phenylimidazole acetate (8) at 20°C.

The ester of propofol and chloroacetyl chloride
(130 mg, 0.51 mmol) and imidazole (521 mg,
7.65 mmol) were dissolved in 10 mL of THF
and transferred to a round-bottomed flask with a
magnetic stirrer. The reaction was placed in the
shade because of the fact that under the influence
of light, THF can form peroxides. The reaction
was left overnight. Then the THF was evaporated
on a rotary evaporator and the substance was re-
dissolved into CH,Cl,. After that, the reaction mixture
was washed twice with water and dried over Na,SO,.
The course of the reaction was controlled using TLC
in an isopropanol/CH,Cl, solvent system in a 4:1 ratio.
The mixture was purified by column chromatography
(CH,C1,, isopropanol/CH,CI, ratio was 2:3, 1:1, 3:2,
2:1, 3:1). The yield was 32 mg (23.3%). R, = 0.80
(Isopropanol/CH,C1,, 4:1).

'H NMR spectrum (300 MHz, DMSO-d,):
6 = 1.31-1.35 (Ar-CH-CH,),, 6H), 3.09-3.11 (Ar-CH, 1H),
5.62 (-CH,~Im), 7.40 (Ar-H3, 1H), 7.41 (Ar-H5, 1H),
7.42 (Ar-H4, 1H), 7.15 (Im—HS5, 1H), 7.17 (Im-H4, 1H),
7.45 (Im—2H, 1H).

Method of synthesis of methoxy derivatives
of substituted phenols

The synthesis of methoxythymol (1-isopropyl-2-
methoxy-4-methylbenzene) (9) is shown in Fig. 17.

NaH
CHy ——— =

DMFA o—
OH 2h,t=20°C

+

Fig. 17. Scheme for the synthesis of methoxythymol
(1-isopropyl-2-methoxy-4-methylbenzene) (9).

A suspension of NaH (1.58 mmol, 38 mg) in
DMFA was added to thymol (0.8 mmol, 120 mg)
dissolved in 1 mL of DMFA and placed in a flask
with a magnetic stirrer. The mixture was stirred for
45 min at 20°C. Then CH.I (2.4 mmol, 0.15 mL) was
added to the reaction mixture drop by drop and kept
for 1 h at 20°C. The course of the reaction was
controlled using TLC in a PE/EA solvent system in
a 3:1 ratio. The reaction mass was decomposed with
water, acidified with 1% hydrochloric acid solution
to pH 4.0, extracted with methylene chloride, and
dried over Na,SO,. Further, the reaction mixture was
purified by column chromatography (PE/EA, 15:1—4:1).
The yield was 60 mg (46%), R, = 0.69 (PE/EA, 3:1).

'H NMR spectrum (300 MHz, DMSO-d,):
6 = 1.11-1.13 (Ar-CHHCH,),, 6H), 226 (Ar-CH,, 3H),
3.15-3.18 (Ar-CH-, 1H), 3.76 (-O-CH,), 6.74
(Ar-H6, 1H), 6.77 (Ar—H4, 1H), 7.03 (Ar—H3, 1H).
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RESULTS AND DISCUSSION

Preparation of chloroacetyl derivatives
of substituted phenols and polyphenols

The synthesis of imidazole derivatives of alkyl-
substituted phenols was carried out in two stages
(Fig. 18). At the first stage of synthesis,
O-chloroacetyl derivatives of selected alcohols,
thymol, and propofol were obtained, to which
imidazole was then added.

Chloroacetyl derivatives of aromatic alcohols
were obtained using several techniques described
in the literature. In particular, syntheses carried
out during heating [16] and cooling [15] of
the reaction mass were used.

In order to obtain a chloroacetyl derivative
of thymol wusing heating, two syntheses were
carried out under different conditions (Figs. 9
and 10). The first synthesis (method I) was
carried out using chloroacetyl chloride as an
acylating agent and n-hexane as a high-boiling
solvent. In the second case (method II) involving
the use of chloroacetic anhydride, an attempt
was made to replace the solvent with low-boiling
methylene chloride. As a result, the following
product yields were obtained: for compound 1
(method I), the yield was 48%, whereas for
compound 2 (method II), the yield was 19%, from
which it follows that the change in the conditions
of the synthesis did not lead to a better result.

We also investigated the possibilities of
improving synthesis methods using reduced (0°C)
and room temperature (20°C) using the example
of two methods with chloroacetyl chloride as an
O-acylating reagent, which differed in reaction time
and reagent ratios (Figs. 11 and 12). Chloroacetyl
derivatives of thymol were obtained with yields
of 40% (method III) and 75% (method IV) for
compounds 3 and 4, respectively. Therefore, the
synthesis by cooling the reaction mass using an
excess of an acylating agent and increasing the

reaction time is more preferable when obtaining
chloroacetyl derivatives of aromatic alcohols. The
results are presented in Table 6.

The O-acylation reaction of propofol proceeded
similarly to the reaction with thymol, but the
reaction time increased due to steric difficulties
in attaching the chloroacetate fragment to propofol
(Fig. 13). The product yield was 30%.

Preparation of imidazole chloroacetyl derivatives
of alkyl-substituted phenols

We conducted a synthetic study to obtain
imidazole derivatives of 2-isopropyl-5-methylphenyl-
-2-chloroacetate. In the course of the study,
two syntheses were carried out according to the
methods described in [15, 16], in which different
temperatures and solvents were used (Figs. 14
and 15), and we also increased the reaction time in
comparison with the literature sources used. When
synthesizing at 20°C and using THF as a reaction
medium (method V), the yield of product 6 was
4%, which is not a satisfactory result. In order to
increase the yield of the product, synthesis was
carried out using DMFA as a solvent, as well as at
lower and room temperatures (method VI) the yield
of product 7 was 57%.

The reaction of 2,6-isopropylphenylchloro-
acetate with imidazole was carried out according to
method V, similarly to the reaction with a thymol
derivative, the yield was 23%. The results are
presented in Table 7.

Preparation of methoxy derivatives
of substituted phenols

The methoxy derivatives of thymol were
synthesized according to the method [17]. Due to
steric difficulties in attaching the methyl residue, the
reaction time was increased (Fig. 17). In this case,
methoxythymol (1-isopropyl-2-methoxy-4-methyl-
benzene) (9) was obtained with a yield of 46%.

= O = )
J

Fig. 18. General scheme for the synthesis of imidazole derivatives of substituted phenols and polyphenols.
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Table 6. Chloroacetylation of thymol in the presence of various solvents

Reagents Reagent ratio Temperature, °C Solvent Yield, %
Thymol/Chloroacetyl chloride 1:1 95-100 Hexane 48
Thymol/Chloroacetic anhydride 1:1.9 50-60 Methylene chloride 19
Thymol/Chloroacetyl chloride 1:2 0-5 Methylene chloride 40
Thymol/Chloroacetyl chloride 1:4 0-5 Methylene chloride 75

Table 7. Preparation of imidazole chloroacetyl derivatives of alkyl-substituted phenols in the presence of various solvents

Reagents Reagent ratio Temperature, °C Solvent Yield, %
Thymol chloroacetyl chloride / imidazole 1:3 20 THF 4
Thymol chloroacetyl chloride / imidazole 1:10 0-5 DMFA 57
Propofol chloroacetyl chloride / imidazole 1:10 0-5 DMFA 23

Note: THF is tetrahydrofuran; DMFA is N,N-dimethylformamide.

Confirmation of the structure of the obtained
compounds

The structures of the obtained compounds were
confirmed by methods 'H and '*C NMR spectroscopy.

'"H NMR spectrum of 2-isopropyl-5-
methylphenyl-2-chloroacetate (Fig. 19). Methyl
protons of the isopropyl chain of the ring were observed
at 8 = 1.22-1.24 ppm. The signal belonging to Ar-CH,
was recorded at 6 = 2.35 ppm. The proton Ar—CH-
gives a multiplet at 3.01 ppm. The spectrum also
showed a signal at 6 = 4.34 ppm, which indicates
the presence of ~CH ~CI. Aromatic protons appeared
in the characteristic range from 6.88 to 7.23 ppm.

BC NMR spectrum of 2-isopropyl-5-methyl-
phenyl-2-chloroacetate (Fig. 20). The methyl carbon
of the ring (Ar-CH,) gave a signal at 20.92 ppm.
The methyl carbons of the isopropyl chains of the
ring were present at 6 = 23.14 ppm. The carbon
corresponding to Ar—CH resonated at & = 27.19 ppm.
The signal at 6 = 40.90 ppm confirms the presence

of chloroacetate (~CH,—Cl). Signals in the range
from 122.36 to 136.95 ppm confirm the presence
of the aromatic ring. The signal at 6 = 147.62 ppm
corresponds to carbon, through which a complex
ester bond is formed by oxygen. The spectrum also
showed a signal at 8 = 166.27 ppm, characteristic
of the carboxyl group atom (C=0).

'H NMR spectrum of 2,6-diisopropylphenyl-
chloroacetate (Fig. 21). A multiplet corresponding
to the methyl protons of the isopropyl chains of the
ring was observed at & = 1.64-1.69 ppm. The proton
Ar—CH- gives a multiplet at 3 = 3.42-3.44. The signal
at 8 = 5.33 ppm corresponded to protons —~CH_—CI.
The protons of the aromatic ring appeared in the range
of 7.73-7.76 ppm.

'H NMR spectrum of 2-isopropyl-5-methyl-
phenyl-2-(1H-imidazole-1-yl)acetate (Fig. 22). Methyl
protons of the isopropyl chain of the ring were
observed at & = 0.85-0.89 ppm. The signal belonging
to Ar—CH, was recorded at § = 2.27 ppm. The proton
Ar—CH- gives a multiplet at 2.91 ppm. The spectrum
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Fig. 19. '"H NMR spectrum of 2-isopropyl-5-methylphenyl-2-chloroacetate.
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Fig. 20. *C NMR spectrum of 2-isopropyl-5-methylphenyl-2-chloroacetate.
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also showed signals at 6 = 4.57-4.71 ppm, which
indicates the splitting of protons —CH,— groups
located between —N— and —C=0 groups.

It can be explained by the fleximeric structure of
this molecule, which is confirmed by 3D modeling
data (Fig. 23). Aromatic protons appeared in the
characteristic range from 6.65 to 7.02 ppm. The protons
of the imidazole fragment were observed in the range
from 6.70 to 7.00 ppm. The split signal of the proton
—CH- between two nitrogen atoms (6 = 7.00 ppm) also
testifies in favor of the formation of a fleximer analog.

'H NMR spectrum of 2,6-diisopropylphenyl-
imidazolacetate (Fig. 24). A multiplet corresponding
to the methyl protons of the isopropyl chains
of the ring was observed at & = 1.31-1.35 ppm.

The proton Ar-CH-— gives a multiplet at
0=3.09-3.11. The signal at =5.62 ppm corresponded
to the protons ~CH_~Im. The protons of the aromatic
ring appeared in the range of 7.40-7.42 ppm, and
the protons of the imidazole ring in the range of
7.15-7.45 ppm.

"H NMR spectrum of methoxythymol (Fig. 25).
A doublet corresponding to the methyl protons
of the isopropyl chain of the ring was observed
at 0 = 1.11-1.13 ppm. At § = 2.26 ppm, a signal
corresponding to Ar-CH, was recorded. The proton
Ar—CH- gives a multiplet at 6 = 3.15-3.18 ppm. The
signal at 6 = 3.76 ppm corresponded to the protons
—~O-CH,. The protons of the aromatic ring appeared
in the range of 6.74-7.03 ppm.

Fig. 23. 3D model of 2-isopropyl-5-methylphenyl-2-(1H-imidazol-1-yl) acetate.
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Fig. 24. '"H NMR spectrum of 2,6-diisopropylphenylimidazole acetate.
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CONCLUSIONS Acknowledgments

When studying various approaches for the
O-acylation of thymol and propofol, it was found that
synthesis carried out during cooling of the reaction
mass using an excess of chloroacetyl chloride in
dichloromethane in the presence of triethylamine gives
the highest yield, as well as allowing the conversion
of the initial reagent to be controlled. For the stage
of pharmacophore (heterocycle) administration, a
reaction with imidazole in tetrahydrofuran at room
temperature was worked out. The structure of the
compounds was confirmed by NMR spectroscopy.
Samples of the obtained compounds were transferred
for biological studies on model yeast strains. Such
methods are likely to be useful for obtaining a number
of hydrophobic derivatives of aromatic alcohols.
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Abstract

Objectives. To investigate the production and biological degradation of biodegradable hybrid
compositions (BHCs), dispersed-filled with starch-containing products of various origins and
distilled monoglycerides, along with the biodegradation of compositions based on low density
polyethylene and thermoplastic starch (TPS) of various origins: corn, pea, and rice.

Methods. Thermoplastic starch was obtained based on native starches of several types, which
were processed in Brabender and MashkPlast (Russia) laboratory extruders. BHCs in the form of
strands, granules, and films were obtained by mixing thermoplastic starches with polyethylene in
extruders. Structural BHC parameters were studied by optical and electron scanning microscopy.
The biodegradability of the composite films was evaluated by placing them in biohumus for six
months; during storage, the change in water absorption of the films was determined. Before
and after the biodegradation process, tensile fracture stress and elongation at rupture were
determined to evaluate BHC performance (physical and mechanical characteristics of films).
Changes in the chemical structure during biodegradation were determined by Fourier infrared
Spectroscopy.
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Results. The positive effect (acceleration of the biodegradation process) of using a novel type of
starch plasticizer—monoglycerides distilled in TPS-polyethylene compositions—was confirmed.
After six months, intensive sporulation of active microorganisms was observed on the surface of
the samples. At the same time, water absorption by the samples reached 30%. The observed 60%
decrease in strength and deformation properties indicates an intensive process of biodegradation.
Conclusions. The biodegradation rate was shown to depend on the concentration and even
distribution of the natural biodegradable filler in the synthetic polymer composition.

Keywords: biodegradable compositions, polyolefins, thermoplastic starch, modifier, filler,
biodegradation

For citation: Vasilyev 1.Yu., Ananyev V.V., Chernov M.E. Biodegradable packaging materials based on low density

polyethylene, starch and monoglycerides. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2022;17(3):231-241 (Russ., Eng.).
https://doi.org/10.32362/2410-6593-2022-17-3-231-241

HAYYHASA CTATbSA

BnopasﬂaraeMble YIHAKOBOYHbBIC MaTE€pHUAJIbI
HAa OCHOBE MOJIMITHJIEHA HU3KOM IVIOTHOCTH,
KpaxmMmaJia 1 MOHOIVIMIEPUAOB

H.I0. BacuaseB''”, B.B. AHaHbeB!, M.E. YepHoB?

IMockosckuii nonrumexHuueckuil ynueepcumem, Mocksa, 127008 Poccus

?MockoecKkull 2ocyoapcmeeHHblil yHusepcumem mexHoso2uili um. K.I'. Pasymoeckoeo, Mocksa,
109004 Poccus

M Aemop ons nepenucku, e-mail: iljanaras@yandex.ru

AHHOMauus

ITenu. Hccnedosams npoyecc npouzgoocmaea buopaspyuiaemvix 2ubpudHsix komnosuyuil (BI'K),
JucnepcHO-HANONHEHHbIX KPAXMANACO0EPIKAULUMU NPOOYKMAMU PA3IUUHO20 NPOUCXOIOEHUSL U
OUCTNUNNIUPOBAHHBIMU MOHOAIUYEPUOAMU, U UX OUuos02UUecKyt0 OeCcCmpyKyuro, a makske npo-
yecc bUoOpasorKeHUsT KOMNO3UYULL HO OCHO8E NOJUIMUNEHA HU3KOU NIOMHOCMU U MepMOonia-
cmuunozo kpaxmana (TTIK) pa3znuuHo2o npoucxoxKoeHust: KYKYpyaHoao, 20p0xX08020 U PUCOBO20.
Memoovsl. TepMOnacMuUUHbLL KPAXMAL NOAYUAAU HA OCHO8E HAMUBHBLIX KPAXMAN08 pPA3-
HblX 8ud08 nymem nepepabomku ux 8 sabopamopHwulx sxkcmpyodepax ¢upm «BpabeHoepr» u
«MawlInacm» (Poccus). Cmewusast 8 akcmpyoepax mepmoniacmuuHble Kpaxmaisl ¢ NOAUIMU-
nieHom, nonyuanu BI'K e sude cmpere, eparHysl u naeHok. CmpykmypHsie napamempsl BI'K us-
yuanu memooamu OnNMuUeckoll U 91eKmpoHHOU ckaHupyoweli mukpockonuu. CnocobHocme K
6UOPA3NOIKEHUID KOMNOZUMHBLX NJIEHOK OUEHUBANU, NOMEeUwas ux Ha noszooda 8 buozymyc, u 8
npoyecce xpaHeHus onpeoensniu usmeHeHue e000Nno20uleHUsl NIeHOoK. [Insi oueHKuUu sKcnaya-
MAyUOHHbLX ceolicma (pusurKo-mexarHuueckux xapakmepucmuk nneHox) BI'K onpedensnu pas-
pyuwiarowee HanpsiokeHue npu pacmsikKeHuU U OmHocumensbHoe yoauHeHue npu paspuiee 00 U
nocne npoyecca buopasnorkerust. HameHeHUsL xumuueckoli cmpykmypusl 8 npouecce 6uopasnio-
JKeHUsL onpedensiiu Memooom UHPPAKpPACHOU cnekmpockonuu ¢ npeobpazoearuem dypve.
Pesynemamel. [IToomegepioeH nososKumenvHulil agpcpexm (yckopeHue npouecca buopasiorke-
HUSl) OmM UCNO/NBL308AHUSL HOB020 MUNA NAACMUPUKAMOPA KPAXMANA — OUCMUINUPOBAHHBLX
MoHo2nuyepuoos 8 komnosuyusx TIIK-nonusmuner. Ilo ucmeueHuu nosnyzo0a Ha NO8BEPXHOCMU
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06pa3yoe Habdaiu UHMEeHCUBHOe CNOPOHOUWEHUE AKMUBHBbIX MUKpPOOp2aHu3mos. IIpu smom
godonoanoweHue obpaszyos docmueano 30%, npouHocmHble U 0ehPOPMAYUOHHbLE CEOTICMBA CHU-
sunuce Ha 60%, umo ceudemesnibcmayem 06 UHMEHCUBHOM NPOMEKAHUU npoyecca 6uopasno-

KeHusl.

Boieoost. Yemarnoenero, umo CKopocmb npouyecca 6uopa3ﬂomeuuﬂ Komno3uyuil 3asucum om
KOHUeHmpayuoHHO020 COOMmHoOwWeHuUst 8800UMO020 THI{, a manrkaKke om e2o pagHomepHO20 pacnpede—

JIeHUS 8 CUHmMemuuecKum nosumepe.

Knroueente cnoea: 6uopaanazaaMbLe KOMNO3UYyUU, nOJluOJled)uH.bt, mepmonﬂacmuunbLﬁ Kpaxman,

MOHO2UYEepUdbl, HANOJHUMENb, 0eCmMpPYKYUUsL

Jna yumuposanun: Bacunves U.10., AnanpeB B.B., Uepno M.E. buopasnaraemeie ynmakoBOYHBIE MaTepHabl HA
OCHOBE MMOJIMATHIICHA HU3KOW IJIOTHOCTH, KpaxMmalia i MOHOTJTHIIEPUIOB. Tonkue xumuueckue mexnonocuu. 2022;17(3):231-241.
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INTRODUCTION

The global production of synthetic plastics is
increasing every year. Polymeric materials are used in
many branches of light industry and, especially, in the
packaging industry [1]. In most cases, polymer films
used for food packaging, plastic utensils, and rigid
polymer containers are used once and then discarded
[2]. Such “polymer waste” does not decompose for
a long time, but instead accumulates in landfills
or disposal sites to pollute the environment' [3]. In
order to mitigate this problem, one of the most
acceptable and already applied approaches involves
the creation and use of biodegradable polymeric
materials based on natural materials that do not harm
the environment or human health [4].

A novel approach developed for the manufacture
of biodegradable polymeric materials envisages the
manufacture of products that retain their physical
and mechanical characteristics only for the period of
intended use. Afterwards, they are subjected to various
destructive normal physicochemical, chemical,
and biological processes under the influence of
environmental factors to re-enter the metabolism of
natural biosystems [5, 6].

Biodegradable polymers are macromolecular
compounds capable of being degraded in the presence
of active biological organisms in appropriate

! Bio-based Building Blocks and Polymers — Global
Capacities, Production and Trends 2019-2024. Hiierth,
Germany; 2020. URL: http://bio-based.eu/downloads/bio-
based-building-blocks-and-polymers-global-capacities-
production-and-trends-2019-2024/

conditions. In an active medium, biodegradable
polymers undergo significant changes in molecular
weight and mechanical characteristics, themselves
contributing to the formation of a nutrient medium
for the growth of microorganisms [7-9]. In such
media, hydrolysis and photochemical destruction
of biodegradable polymers typically take place.
Materials break down into components involved in
the natural cycle: water, carbon dioxide, and biomass.
In contrast to traditional polymers obtained from
petrochemical raw materials, biodegradable polymers
are characterized by their ability to decompose into
components of biological life within a short period of
time [10-12].

While a variety of natural polymers are used in
the manufacture of biodegradable compositions,
starch is one of the most important. This
polysaccharide, which is present in many types of
plants in the form of tubers, seeds, stems, and leaves,
is typically produced from potato, rice, pea, wheat,
or corn feedstocks [13, 14].

Conventionally, the processes for obtaining
biodegradable polymeric materials can be divided
into:

1) mixing native starch with synthetic polymers
(polyethylene, polypropylene, etc.);

2) mixing native starch with natural polymers;

3) obtaining thermoplastic starch (TPS) [15-17].

In order to solve the problem of recycling
packaging materials, one of the most promising
directions involves the creation of biocomposites that
combine the useful properties of TPS and synthetic
polymers [18].
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When manufacturing TPS, selection of the
appropriate type of plasticizer is of great importance
for ensuring the desired mechanical properties. In
addition to starch and glycerin, sorbitol has long
been used in the production of TPS. However, as
follows from the results of studies [19-21], the use
of sorbitol as a plasticizer for the manufacture of
TPS subsequently used as a biodegradable hybrid
composition (BHC) component is not suitable for all
types of native starches.

The authors of the article [22] found a substitute
for sorbitol. As plasticizers, they used monoesters of
glyceroland higher fatty acids—distilled monoglycerides
(DMG), [CH,OH-(CHOH),~CH,-OCO-R] [23].
As well as having higher physical and mechanical
properties, biocomposite polymer films based on
DMG also have a higher biodegradation index.

MATERIALS AND METHODS

Materials

The study used:

— low-density polyethylene (LDPE), 11503-070
brand (Kazanorgsintez, Russia), with an average
molecular weight of 1.8-104 Da;

— glycerin, PK-94 grade, density 1240 kg/m?
(Wympel, Russia), GOST 6824-96%;

— distilled DMG produced according to TU 10-1197-95°
specifications (RusKhimtrade, Russia);

— corn starch (Krakhmalprodukt,
GOST 32159-2013%;

— rice starch (Vinh Thuan Trading Import-Export,
Vietnam);

— pea starch (Roquette, France);

— composite starch-containing materials based on
polyethylene (PE) and TPS.

Russia),

Research methods

BHC samples were obtained in an extruder
(MashPlast, Russia) equipped with either a strand
or a flat-slot extrusion head, at temperatures in the
extruder zones from 115 (in the loading zone) to
140°C (in the head zone) [24].

The physical and mechanical properties of the
samples under tension were determined using a testing
machine RM-50 (MashPlast, Russia) equipped with a
computer interface running the StretchTest software.
The tensile stress at break (c,) and relative elongation

2 GOST 6824-96. Interstate Standard. Distilled glycerine.
General specifications. Moscow: Izd. Standartov; 1997.

3 TU 10-1197-95. Distilled monoglycerides. Technical
conditions.

4 GOST 32159-2013. Interstate Standard. Maize starch.
General specifications. Moscow: Standartinform; 2019.

at break (g¢,) of BHC were measured under normal
conditions according to GOST 14236-81°. The limit
of the permissible value of the load measurement
error did not exceed £1%. The limiting deviations
in the diameter of strand samples and the cross-
sectional areas of film samples were +0.2 mm and
2-3%, respectively. The mean value was determined
after 3—5 measurements. The tests were carried out at
a strain rate of 100 mm/min. Film samples for testing
were obtained using a special punching device. The
samples shape was of type 1B (EN ISO 527-3%).

The water absorption of the studied BHC was
determined according to GOST 4650-807.

In order to assess BHC biodegradation dynamics,
the composting method was used. The samples
were placed in special trays with biohumus at a
temperature of 23 + 2°C and a humidity of 70 £ 10%
and kept from one month to six months. The degree
of biodegradation of the polymer compositions was
assessed in terms of changes in their physical and
mechanical properties: breaking tensile stress (o))
and relative elongation at break (g,), according to
GOST 54530-2011%.

Optical studies of BHC appearance after
composting were carried out using an Axio Imager.Z2m
microscope (Carl Zeiss, Germany) in transmitted and
reflected light at x50 and x200 magnifications.

The chemical structure of BHC was studied by
Fourier-transform infrared spectroscopy (FTIR) on
an FSM-1201 device (EuroLab, Russia) equipped
by a multiple frustrated total internal reflection
attachment with a resolution of 1.0 cm™ (spectral
range of wavenumbers 375-7900 cm™!).

RESULTS AND DISCUSSION

When creating biodegradable composite polymer
materials, it is necessary to take into account their
technological, operational,and other properties, as well
as data characterizing the rate of their biodegradation.
One of the most important requirements for a
created composite material is the preservation of the

*GOST 14236-81. USSR State Standard. Polymer films.
Tensile test method. Moscow: Izd. Standartov; 1992.

¢ ISO 527-3. International Standard. Plastics —
Determination of tensile properties. Part 3: Test conditions for
films and sheets. Second edition, 2018-11. URL: https://cdn.
standards.iteh.ai/samples/70307/e804daa78e2747a6bbd08ac4
86d58225/1SO-527-3-2018.pdf

7 GOST 4650-80. Interstate Standard. Plastics. Methods
for the determination of water absorption. Moscow: Izd.
Standartov; 2008.

8 GOST 54530-2011. National Standard of the Russian
Federation. Resources saving. Packaging. Requirements,
criteriaand test scheme through composting and biodegradation.
Moscow: Standartinform; 2019.
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technological characteristics inherent in the main
polymer in order to ensure the possibility of its
processing on standard equipment [25].

At the first stage of the work, BHC was prepared
based on LDPE and TPS of various origins: corn, pea,
and rice. The required range of concentration ratios
of the components was chosen, in which the share
of TPS is from 40 to 60 wt %, respectively [22].

The next stage of the study involved establishing
the terms of biodegradation of the obtained
compositions. To do this, a combination of several
methods was used: composting in biohumus and
assessing water absorption. Water is a necessary
component for the vital activity of microorganisms.
In addition, when water penetrates into the surface
layers and diffuses deep into the material structure,
it can have a plasticizing effect.

The results of the water absorption study are
presented in Table 1. It can be seen that LDPE
practically does not absorb water, while compositions
modified with starch absorb it in significant amounts;
moreover, as the TPS content in the compositions

Table 1. Results of BHC water absorption

increases, water absorption also increases. It can be
assumed that this is due to the structural processes
occurring in the polymer—filler system. As the polymer
matrix is loosened, the free volume between the
macromolecules increases. This leads to an increase
in the amount of absorbed water. The composition
based on rice TPS has the highest water absorption
among the studied BHS. It is logical to assume that
this composition will be more rapidly biodegradable
when it enters the soil.

The course of the biodegradation process was
judged by the results of optical microscopy, as well
as by observed changes in the physicochemical
properties of the studied materials following their
exposure in the soil.

The experiment was carried out at a temperature
of 23°C and a soil moisture content corresponding
to 70 £ 10% of its maximum moisture capacity.
Composting times were one, three, and six months.
BHC samples and a control PE sample were placed
on a soil substrate and completely covered with a
layer of soil, while providing constant air access to

Composition, wt % Water absorption, %
Raw LDPE 0.2
BHC (TPS:PE corn starch 60:40) 7.6
BHC (TPS:PE corn starch 50:50) 4.1
BHC (TPS:PE corn starch 40:60) 23
BHC (TPS:PE pea starch 60:40) 7.9
BHC (TPS:PE pea starch 50:50) 3.8
BHC (TPS:PE pea starch 40:60) 2.1
BHC (TPS:PE rice starch 60:40) 8.1
BHC (TPS:PE rice starch 50:50) 5.6
BHC (TPS:PE rice starch 40:60) 2.5

Note: LDPE is low density polyethylene, BHCs are biodegradable hybrid compositions, TPS is thermoplastic starch, and PE

is polyethylene.
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the sample in order to avoid suppression of the vital
activity of the microorganisms.

Figure 1 shows microphotographs of BHC
samples of composition TPS:LDPE = 60:40 after six
months of keeping in biohumus.

As can be seen from the presented micro-
photographs, local development of soil micro-
organisms occurs on the surface of the composite
samples. While the amount of TPS introduced has
little effect on the process during the initial period,
the dynamics of microbial growth on different
samples at the same content of TPS of different
origin is not the same. The sample based on corn
TPS (1) is characterized by surface development of

microorganisms without intensive sporulation, while
the samples based on pea TPS (2) and rice TPS (3)
clearly show continuous growth of microorganisms,
as well as intensive sporulation. The compositions
have a loose structure and surface defects, and the
destruction of the filler is observed throughout the
entire volume of the samples.

The results of determining the tensile stress at
break (o) and relative elongation at break (g,) for
BHC after half a year of composting are presented in
Table 2.

As follows from the obtained data, following a
six-month period of keeping the samples in biohumus
with soil microorganisms, their physical and

3

Fig. 1. Micrographs of film samples after removal from biohumus
(1) corn starch BHC, (2) pea starch BHC, (3) rice starch BHC
(a) increase x50, (b) increase x200.
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mechanical characteristics deteriorate. In the process
of biodegradation, water is absorbed by composite
samples, resulting in a change in the material structure.
It is likely that the intermolecular interactions that
hold the polymer matrix and filler weaken together
to produce visible defects: the formation of a loose
surface structure due to the filler destruction over
the entire surface of the samples. In the case of BHC
based on corn starch, a 1.5-fold deterioration in
physical and mechanical properties occurs; in BHC
based on pea starch—a 1.3-fold change; in BHC based
on rice starch—a 2.1-fold change. This supports the
conclusion that the studied film compositions will
biodegrade quickly under conditions of disposal.
Inorder to further assess the changes that occurred
during biodegradation, spectral characteristics were
determined using the FTIR method. As an example,

Fig. 2 shows the spectrum of BHC based on rice TPS
at a ratio of TPS:LDPE = 60:40 wt % before and after
the biodegradation process.

First of all, it is of interest to estimate the
intensity of the OH groups absorption bands located
between 3000 and 3600 cm™', as well as that of
the bands between 1000-1500 cm™!, which are
characteristic of CH,, CH,, and C-O groups. While
the middle and far regions of the IR spectrum are
less informative, they support the conclusion that
the BHC-PE composition contains functional
groups characteristic of fatty acids (forming part
of DMG) in OH-groups of glycerol, as well as
functional groups of starch.

Following six months of keeping BHC in
biohumus, absorption peaks appear in the IR spectrum
in the region of 1000-1200 cm™, indicating the

Table 2. Results of physical and mechanical tests of BHC before and after biodegradation process

TPS:PE ratio 6, MPa (A+0.2) g, % (A+£5) G, MPa (A+0.2) g, % (A£5)
1. 100% PE 16 195 - -
- With DMG before biodegradation With DMG after biodegradation

2. TPS based on corn

60:40 10.9 78 7.2 45

50:50 11.6 84 8.3 67

40:60 12.8 93 10.3 84
3. TPS based on peas

60:40 7.8 82 5.6 48

50:50 93 91 8.4 64

40:60 10.1 102 9.3 86
4. TPS based on rice

60:40 11.2 96 52 41

50:50 11.9 104 7.3 56

40:60 12.8 115 8.9 87

Note: o, is a tensile stress at break, ¢ is a relative elongation at break, DMGs are distilled monoglycerides, TPS is thermo-

plastic starch, and PE is polyethylene.
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Fig. 2. Infrared spectrum of the BHC based on rice starch.
Red line (/) is the BHC absorption spectrum before biodegradation; violet line (2) is the BHC spectrum after one
month of biodegradation; green line (3) is the BHC spectrum after three months of biodegradation;
blue line (4) is the BHC spectrum after six months of biodegradation.

presence of the C-OH group, and 1500-1700 cm™,
designating the presence of the acetamide groups
O=C-N and amine groups NH,. Thus, their
appearance can be associated with the action
of active microorganisms of the chitosan fungi
group, which form the bacterial microflora. In the
region of 3000-3600 cm™!, changes in the intensity of
the absorption peaks of the OH groups were observed.
This is presumably due to the fact that TPS destroys
the polymer matrix to some extent; most likely,
TPS is partially washed out of the composition by
water. This also supports the conclusion that the
occurring biodegradation processes are intensive.

CONCLUSIONS

The process of the biodegradation of BHC
compositions based on LDPE and TPS of various
origins: corn, pea, and rice, with a TPS content in BHC
from 40:60 wt % using the novel DMG plasticizer
was studied. Biodegradation was carried out in
biohumus for six months with periodic evaluation
of the properties of control and working samples:
following one month, three months, and six months.

It follows from the results of the experiment
that the new modifier introduced into the samples
composition increases the water absorption of the

filled compositions in the case of BHC based on
corn TPS by 20%; in the case of BHC based on pea
TPS—by 26%; in the case of BHC based on rice
TPS—by 31%.

The observed 60% degradation in the physical
and mechanical characteristics of the samples as
compared to the initial values is apparently due to a
change in the material structure: weakening of energy
bonds, destruction of the polymer matrix, partial
washing out of the components from the system.

The results of optical microscopy and analysis
carried out by FTIR confirmed the occurrence of
sporulation of active microorganisms.

The obtained data support the conclusion that
TPS can be used with the novel DMG plasticizer as
a polyolefin modifier for the creation of bio-
degradable packaging materials.
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Abstract

Objects. To synthesize monodisperse biodegradable hyperbranched polymers based on
D,L-lactide in the presence of Boltorn™ H30 polyester polyol as a macroinitiator.

Methods. 'H and '3C nuclear magnetic resonance (NMR) spectroscopy was used to study the
chemical structure of the Boltorn™ H30 polyester polyol and (Boltorn™ H30)-PDLA hyperbranched
copolymers. The molecular weight distribution of the polymers was studied by gel permeation
chromatography (GPC). In order to study the thermal stability of Boltorn™ H30 polyester polyol,
thermogravimetric analysis (TGA) was used. Polymerization of D,L-lactide was carried out in a
block in the presence of Boltorn™ H30 polyester polyol.

Results. The degree of branching of Boltorn™ H30 polyester polyol was calculated from NMR
data, while the TGA method was used to determine the upper operational temperature range.
The polymerization of D,L-lactide in the presence of Boltorn™ H30 polyester polyol used as a
macroinitiator was studied. The molecular weight characteristics of the obtained copolymers
were studied by NMR and GPC.
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Conclusions. Optimum conditions were determined for the polymerization of D,L-lactide when
using Boltorn™ H30 polyester polyol as a macroinitiator. The possibility of synthesizing narrowly
dispersed hyperbranched polymers (Boltorn™ H30)-PDLA under the described conditions was
demonstrated.

Keywords: hyperbranched polymers, biodegradable polymers, polylactide, Boltorn™ polyester
polyols
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AHHOMAQuyus

Ienu. Cunmes y3kooucnepcHoblx bUOPA3IA0EeMbIX CBEPXPAIBEMEIEHHBLX NOAUMEPO8 HA OCHO8E
D,L-naxmuoa e npucymemeuu noausgpupnoauoaa Boltorn™ H30 e kauecmee MaKpouHUYUAMOpPA.
Memoowut. /[ ucciedo8aHuUsl XUMUUECKoll cmpykmypsl noausgpupnonuona Boltorn™ H30 u
ceepxpaszsemaneHHblLx cononumeposd (Boltorn™ H30)-PDLA ucnonw3osanu 'H u 3C cnekmpockonuro
s0epH020 Ma2HUMHO020 pe3oHaHca (IMP). MonekyaspHo-maccogoe pacnpeodeseHue NoauUMepos
uccnedosanu Memooom eesb-npoHukarouwet xpomamoepagpuu (I'TIX). [ns uccnedoearuss mepmu-
yeckoll cmabunvHocmu noausgupnoauona Boltorn™ H30 npumeHsnu memoo mepmozpagume-
mpuueckoeo aranusa (TT'A). ITorumepusayuro D,L-nakmuda 8 npucymcemeuu NoAusIgpupnoauoia
Boltorn™ H30 npoeodunu 8 b6oke.

Pesynomamet. [lo daHHbm SIMP 6blia paccuumaHa cmeneHb pa3gemesieHHOCMuU NoAUIpUp-
noauona Boltorn™ H30. Memoodom TI'A onpedeneH gepxHuili memnepamypHblii OUANA30H pa-
6omsl ¢ noausgupnonuosom Boltorn™ H30. Hccnedosana noaumepusayusi D,L-naxkmuoda 8
npucymemeuu noausgpupnoauona Boltorn™ H30 e kauecmsge maxpouHuyuamopa. MonekynspHo-
Maccosble XapaKmepucmuKu noAYyUeHHblX conoaumepos uccaedosarsl memooamu SIMP u I'TIX.
Bbteooust. [10006paHbL onmumaibHble Yeaogus noaumepusayuu D,L-naxmuda e npucymemsuu
noausgpupnoauona Boltorn™ H30 e kauecmee maxpouHuyuamopa. I1okazaHa 803MONHOCMb
CuHmMe3a Y3K0OUCNEpPCHbLX ceepxpaseemesieHHblx noaumepos (Boltorn™ H30)-PDLA e amux
ycnosusix.

Knroueeble cnoea: ceepxpazgemeaneHHble NoAUMEPbl, buopasiazaemble NOAUMEPLL, NOSUNAKMUO,
nonusgpupnonuonst Boltorn™

Jna yumuposanusa: Tomssx B.U., beruko H.B., Anyes A.Illl., Banosa B.A., Komene A.J., UYsanyn C.H.
[Monumepuszauus D,L-maktuga B npucyTcTBuM noiuddupnonuoia Boltorn™. Towkue xumuueckue mexHosocuul.
2022;17(3):242-252. https://doi.org/10.32362/2410-6593-2022-17-3-242-252
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Polymerization of D,L-lactide in the presence of Boltorn™ polyester polyol

INTRODUCTION

Targeted drug delivery has become one of the
leading directions of the medical research. While
modern methods of treating diseases still employ
a wide range of traditional drugs in the form of
capsules, tablets, patches, injections, etc., polymer
micro- and nanoparticles have been successfully
used in the creation of new effective forms of drug
delivery, allowing drugs to be delivered purposefully
to the focus area of an inflammatory or pathological
process [1]. One of the most promising directions
in this field involves the use of nanoparticles based
on lactide copolymers of varying topologies [2].
Due to the ability to decompose in a living organism
without the formation of toxic products, polylactide
(PLA) and its copolymers are widely used in surgery,
orthopedics and dentistry, as well as in the capacity
of carrier polymers for long-acting injectable dosage
forms [3, 4].

Today, hyperbranched polymers, which differ
significantly from linear, star-shaped and cross-
linked analogues, have become increasingly
important. As a rule, hyperbranched polymers
have a spatially unloaded core, as well as a large
number of free functional groups located in the
surface layer. A special place among hyperbranched
polymers is occupied by the polyester polyols based
on 2,2-bis(hydroxymethyl)propionic acid. Such
polyesters marketed under the Boltorn™ brand
are widely used as auxiliary agents and modifiers
in the production of synthetic resins, polyurethanes,
organic glasses, etc. These polyesters are widely
used in the production of biodegradable copolymers
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for targeted drug delivery due to the presence of
a large number of hydroxyl groups [5, 6].

In recent decades, there has been increasing
interest in the synthesis and study of the properties
of highly branched polymers, whose main features
in comparison with linear analogues are their
smaller molecular sizes, higher density macro-
molecule structure, and lower viscosity values. Such
high-molecular substances, which include polymer
brushes, dendrimers, star-shaped and hyperbranched
polymers, differ significantly in properties from
their linear analogues. Their main distinguishing
feature lies in the possibility of consistently regulating
their structure and concomitant properties. From
this point of view, star-shaped and hyperbranched
polymers having free reactive functional groups,
whose structure-dependent properties can be altered
within broad limits, are of particular interest [7—10].
By carrying out additional modification of
functionalized polymers, it becomes possible to
obtain copolymers with regulated colloidal chemical
properties [11-12].

Boltorn™ polyesters marketed under the H20,
H30, and H40 product line comprise progressively
branching dendrite-like macromolecules differing
in molecular weight and average number of hydroxyl
groups (16, 32, and 64, respectively) (Fig. 1).
As biocompatible and biodegradable polymers,
they offer bioavailability, bio-permeability, and
low toxicity (LD, 2000 mg/kg). Although
well soluble in some polar solvents, such as
dimethylformamide (DMFA), dimethyl sulfoxide
(DMSO), acetone, etc., polyester polyols of the
Boltorn™ family do not dissolve in methylene
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Fig. 1. Structure of Boltorn™ polyesters: (1) H20, (2) H30, and (3) H40.
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chloride, tetrahydrofuran (THF), ethyl acetate, or
acetonitrile. The pronounced intramolecular and
intermolecular hydrogen bonds of polyester polyols,
which persist even at elevated temperatures, is due
to the presence of a large number of proton-donating
and proton-acceptor groups in their structure [6].

A number of studies have shown that
Boltorn™ polyester polyols can be used as a
macroinitiator  during  copolymerization  with
L-lactide, e-caprolactone, and glycolide [13-15],
allowing macromolecules of high molecular
weight to be obtained, along with the possibility
of loading the hydrophobic core of the molecule
with medicinal substances for targeted delivery.
In this paper, studies of polymerization of
D,L-lactide in the presence of Boltorn™ polyester
have been carried out H30 as a macroinitiator.

EXPERIMENTAL

Boltom™ H30 polyester polyol (M = 3608 g/mol,
polydispersity index 1.78; p = 1.3 g/cm®) and
2-ethylhexanoate of tin (Sn(Oct),) with 97% purity
(Acros Organics, Belgium) were used without
additional  purification.  D,L-lactide  (Purac,
Netherlands) was recrystallized twice from
chemically pure butyl acetate (Merck, Germany).

Multiarm  block = copolymers  Boltorn-[(PDLA) ]|
were synthesized in the block by polymerization
with the opening of the cycle (ring-opening
polymerization) of D,L-lactide, using Boltorn™
H30 (B32) polyester polyol as a polymerization
macroinitiator, tin(II)2-ethylhexanoate (Sn(Oct),),
and  tin(Il)2-ethylhexanoate  (Sn(Oct),) as a
catalyst. The synthesis was carried out as follows:
an estimated quantity of macroinitiator (B32),
D,L-lactide was loaded into a pre-calcined conical
flat-bottomed reaction flask along with a catalyst
solution in chemically pure hexane (Merck). After
evaporating the hexane at reduced pressure, the
flask was filled with an inert gas, hermetically

(0]
" Of e 0 Sn(Oct),
CHs 4+ 4 —t>
B32—0 CHy
OH 5
Boltorn H30 D,L-lactide

sealed and placed in an oil bath. Polymerization
was carried out with continuous stirring of the
reaction mass for a given time. The obtained
copolymers were isolated and purified from
the catalyst and monomer residues by double
precipitation in the tetrahydrofuran—hexane system,
and then dried to a constant mass in a vacuum oven.
The synthesis scheme is shown in Fig. 2.

Thermogravimetric studies were carried out
on a Pyris 1 TGA device (PerkinElmer, USA) in
dynamic mode in the temperature range 30-700°C
in a nitrogen flow (99.999%) of 100 mL/min using
a standard open platinum sample cup holder. The
accuracy of temperature determination was 0.1°C,
while the accuracy of the scales was up to 0.001 mg.
The heating rate was 10°C/min. The experimental
data were processed using the Pyris Software Thermal
Analysis software package version 10.1.0.0412
(PerkinElmer).

Deuterated solvents were used for nuclear
magnetic  resonance (NMR) assays: 99.96%
deuterated  chloroform  CDCI,  (Sigma-Aldrich,
Germany) and 99.8% DMSO-d, (Sigma-Aldrich). The
NMR spectra were recorded on the AVANCE DPX
high-resolution NMR spectrometer (Bruker, Germany).

The molecular mass characteristics of
copolymers were determined by gel permeation
chromatography (GPC) on the AZURA
chromatographic system (Knauer, Germany) using
a refractometric detector and a Phenogel™ column
(Phenomenex, USA) with a size of 300 x 7.8 mm
and a particle pore size of 10* A and 10° A. The
columns were calibrated according to polystyrene
standards. The studies were carried out at 40°C
with an eluent flow rate of 1 mL/min. A polymer
solution in 99.9% tetrahydrofuran for high
performance liquid chromatography (Sigma-Aldrich)
was prepared for the study with a concentration of
2-5 mg/mL. Prior to introduction into the
chromatograph, the solution was filtered through
a syringe filter with a hydrophobic membrane with
a pore size of 0.45 um.

OH
O
CHj
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n

Fig. 2. Scheme for the synthesis of BoltomTM-[(PDLA)X]y multiarm copolymers.
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RESULTS AND DISCUSSION
The degree of branching of polymer
macromolecules, which is closely related to

their physicochemical properties, is an important
parameter for their characterization. The structure
of hyperbranched polyester polyols features not
only dendritic (branching) and terminal (terminal)
repeating structural units, but also linear links with
unreacted functional groups (Fig. 3).

In order to assess the degree of branching of the
investigated Boltorn™ H30 polyester polyol, proton
and carbon NMR spectra were obtained in deuterated
DMSO (Fig. 4). In order to detect weak interactions
and improve the resolution of the signal, samples
with a low concentration were used in the analysis.

In the '"H NMR spectrum there are signals
corresponding to methyl (three types: linear, dendritic,
and terminal, a group of signals at 0.95-1.25 ppm),
methylene (two types: ~CH,-OH at 3.3-3.6 ppm
and —-CH,-OR at 3.9-4.2 ppm) and hydroxyl groups
(4.3-5.0 ppm). Since the DMSO contains traces of
water, there is a broadening of the signal in the region
of 4.3-5.0 ppm.

To describe the structure of hyperbranched
polymers, Fréchet [16] introduced the term “degree
of branching” (DB) as a function of the ratio between

dendritic (D), linear (L) and terminal (T) structural
units calculated by the following ratio:

D+T

DB=——
D+L+T

Based on the data on the signal intensities of
methyl groups of various types of links, we obtain
the following ratio of terminal, linear, and dendritic
types of links: 24%, 59%, and 17%, respectively.
The degree of branching calculated by the formula
is 0.4, which corresponds to the literature data for
hyperbranched polymers [17].

Block copolymers based on D,L-lactide are
usually synthesized in a melt at temperatures above
130°C. In order to study the thermal stability of
Boltorn™H30polyesterpolyol, the thermogravimetric
analysis (TGA) method was used to set the
temperature of the beginning of thermal degradation
of the polymer; this also determines the
upper temperature range of operation with
the polymer. Boltorn™ H30 polyester was
studied both in dynamic (heating rate is
10°C/min) and in isothermal mode (160°C, 170°C,
and 180°C). According to the obtained thermograms
(Fig. 5), thermal oxidative degradation of
Boltorn™ H30 polyester is observed at 200-220°C,

—0 OH —20 (@) —0 O
>/,_€CH3 > < ;CHa > €CH3
o OH O OH © o

Terminal (T)

Linear (L)

Dendritic (D)

Fig 3. Basic repeating building blocks of Boltorn™ polyesters.
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Fig. 4. 'H NMR spectrum of Boltorn™ H30 in DMSO-d..
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which allows the use of Boltorn™ H30 during 100
copolymerization  with  lactide at reaction 904
temperatures up to 180-190°C. 6]
In order to select optimal conditions for ]
copolymerization of D,L-lactide (monomer) with 07 5
Boltorn™ H30 polyester (macroinitiator), the ; 60 ,
reaction was carried out in the temperature range 3 504
of 160-180°C with a different molar ratio of ;40_
monomer/macroinitiator, at a constant concentration E
of the tin(II) octanoate catalyst of 1400 ppm per @ 307
monomer. Tin(II) octanoate is widely used as a 20
catalyst in the polymerization of cyclic esters, 104
including for the synthesis of biomedical polymers ol
[18_20] 5]0 1(I)0 1;0 2(I)O 2]50 3(I)0 3I50 4(])0 4I50 5(I)0 5;30 6(I)0 6‘]50 7(I)0 7I50
The reaction conditions, as well as the molecular T, °C
weight characteristics and polydispersity coefficient . '
of the synthesized copolymers determined by the Fig. 5. TGA curves of Boltorn™ H30 polyester obtained
GPC method, are given in Table. in dynamic mode at a heating rate of 10 °C/min:
’ (1) in an open crucible and (2) in a closed crucible.
Table. Molecular weight characteristics of copolymers
Molecular weights
Reaction conditions of copolymers (according to
Sample GPC)
T, °C T, h n(B32), mol n(D,L-lactide), mol M, M, PDI
1 160 1 2.77-10°° 1.04-102 38 029 25770 1.48
2 160 3 2.77-10°° 1.04-102 42 587 30 298 1.41
3 160 5 2.77-10°° 1.04-10°2 47 795 28214 1.69
4 160 24 2.77-10°° 1.04-102 39790 13 149 3.02
5 170 1 2.77-10°° 1.04-1072 29943 21227 1.41
6 (DL32A) 170 3 2.77-10°° 1.04-107 52219 35534 1.47
7 (DL32B) 170 3 2.77-107° 2.08-1072 73 990 52514 1.41
8 (DL32C) 170 3 2.77-107° 3.13-102 121 054 91 812 1.32
9 170 5 2.77-107° 1.04-102 38936 28 639 1.36
10 170 24 2.77-107° 1.04-102 51143 9 700 5.27
11 180 24 2.77-107° 1.04-102 41 663 27407 1.52
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Based on the obtained data, it was found that the
optimal copolymerization time of D,L-lactide with
Boltorn™ H30 polyester is 3 h at a temperature of
170°C and a catalyst concentration of 1400 ppm. Under
these conditions, it is possible to obtain copolymers
having a monomodal molecular mass distribution. With
an increase in the content of D,L-lactide in the reaction
mixture with respect to Boltorn™ H30 from 2.08-107
to 3.13-1072 mol, a bimodal molecular mass distribution
is observed on chromatograms (for the DL32C sample,
Fig. 6).

The chemical structure of the synthesized
copolymers was studied by NMR spectroscopy.
Both the proton and carbon spectra have signals
corresponding to the functional groups of Boltorn™
polyester and polylactide blocks. The proton NMR
spectrum for the DL32B sample is given in Fig. 7.
Here, the signals corresponding to the CH groups of
the polylactide are in the range of 5.15-5.23 ppm,
while the signal of protons of the same groups in the
monomer is located in a stronger field: 5.02-5.03 ppm.
In the region of 1.65-1.68 ppm, there is a signal of
CH, group of the residual D,L-lactide monomer,
while in the region of 1.55-1.59 ppm, the signal of
CH3 groups of D,L-lactide links in the copolymer can
be observed. In the range of 5.0-5.30 ppm chemical
shifts, signals of CH groups appear, while in the range
0f 1.50-1.70 ppm, signals of methyl groups are visible.
By integrating the peaks, it is possible to obtain the
signal intensities of each group, thus forming a basis
to calculate the degree of monomer conversion. For
all the studied copolymers, the conversion rate was
91.0-96.0%.

From the carbon spectrum shown in Fig. 8, signals
from carbon atoms of the following types can be seen
in the structure of the DL32B copolymer: ~CH, groups
(16-19 ppm); —-C=0 groups (171-176 ppm); -CH,~OR
groups (66—70 ppm).
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Fig. 6. Chromatograms of hyperbranched
copolymers (Boltorn™ H30)-PDLA.

e
0304 5
0.253
z 7
2 0.204
Q 3 N n
< 3 1) ww
z 2 0153 - )
8 3 83
g 3 € 0.10%
g 05 G 51 55
&4 Z 0057 g
£ 04 - E
§ ; E / 0
033 CHLOROFORM-d P 022 001
E| ! Il ]
3 e e
024 ¥ ’g 53 , 5.1 5.0
3 N 9 <o Chemical shift, ppm 5
013 38 -
(I £ !
3 '
75 7.0 6.5 6.0 55 5.0 40 35 3.0 25 20 15 1.0

Chemical shift, ppm

Fig. 7. '"H NMR spectrum of (Boltorn™ H30)-PDLA (sample DL32B).

1000000

100000

4
=

£1000000

£100000

=
=

1000000

100000

2
=

Toukue xumudeckue TexHoaoruu = Fine Chemical Technologies. 2022;17(3):242-252

248



Vitaly I. Gomzyak, Nikita V. Bychkov, Adu S. Aduev, et al.

-
o
|

o
©
|

o
©
1

o
3
|

0.6

Normalized intensity

0.1_E ‘

CHLOROFORM-d

I'nl

220 200 180 160 140

120

100 80 60 40 20 0

Chemical shift, ppm
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CONCLUSIONS

The obtained results demonstrate the possibility
of synthesizing narrowly dispersed hyperbranched
polymers using Boltorn™ H30 polyester polyol as a
macroinitiator during polymerization of D,L-lactide.
It was found that copolymers with a monomodal
molecular mass distribution are formed in 3 h when
the content of D,L-lactide and Boltorn™ H30 in the
reaction system is  1.04-102 and 2.77-10° mol,
respectively, using tin(Il) octanoate taken at a
concentration of 1400 ppm at a temperature of 170°C.
A further increase in the content of D,L-lactide
in the reaction mixture with respect to Boltorn™
H30 leads to the formation of copolymers having a
bimodal molecular weight distribution. The synthesized
copolymers contain a large number of peripheral
hydroxyl groups, which can be further modified with
polyethylene oxide to obtain amphiphilic block-
copolymers having regulated colloidal chemical
properties.
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Validation of a method for the quantitative determination

of narcotic and psychotropic substances in urine
by UHPLC-MS/MS
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Abstract

Objectives. To validate a new method for the quantitative determination of 31 potent and narcotic
substances and their metabolites in urine that meets the requirements of ISO/IEC 17025 using
a fast and highly sensitive method of chromato-mass spectrometry with a view to introducing
such a method into the routine practice of the National Anti-Doping Laboratory of the Lomonosov
Moscow State University (NADL MSU).

Methods. Urine samples soldered with standard solutions were analyzed using ultra high
performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS).

Results. Diagnostic precursor/ion-product pairs and collision energies were established to allow
unambiguous identification of the analyzed substances. During sample preparation, hydrolysis
conditions were optimized. Selectivity, linearity, limits of qualitative determination, limit of
quantitative determination (established under the contract with the customer firm), matrix effect,
and measurement uncertainty were defined. Systematized data grouped by classes of analytes
are given in the final table.
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Conclusions. The important advantages of the presented technique are the absence of complex
and lengthy sample preparation, as well as the short time of the analysis method (about 10 min),
which can significantly reduce duration along with labor and analysis costs. The addition of new
analytes will ensure the versatility of the technique, as well as expanding its scope.

Keywords: UHPLC-MS/MS, GC-MS/MS, validation, quantitation, narcotic potent and psychotropic
substances
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HAYYHAS CTATHA

Bammaum{ METOANKH KOJINICCTBCHHOI'0 OIIPCACICHUS

HAPKOTHUYECKUX U IICUXOTPONHBIX BEHIECTB B MO4Ye
MmetonoM CBIKX-MC/MC

H.B. CaBeaneral, I'.B. Hmyrenko!, A.B. ITIoaocun!, &.B. Paayc?,
[.C. Iloaanckuii?, C.A. Kypb6aTkuun?, 10.A. Epumona?, I1.B. IlocTHHKOBY"

HayuoHaneHas aHmuoonuHzoeas nabopamopust (Mnecmumym) Mockoeckozo 2ocyoapcmeeHH020
yHugepcumema um. M.B. Aomorocosa (HAAA MI'Y), Mockea, 105005 Poccus

2MHP3A — Poccutickuil mexHonozuueckull yHusepcumem (HHecmumym moHKUX XUMUUECKUX MexXHOI02UlL
um. M.B. Aomorocoea), Mockea, 119571 Poccus

“Aemop ons nepenucku, e-mail: drpavelpostnikov@gmail.com

AnHOmauus

ITenu. Banuduposams u g8secmu 8 pymuHHyto npaxmuxy HAIA MI'Y Hosyro, omeeuarouiyro
mpebogarusm ISO/IEC 17025, memoouky KoauuecmeeHHoz20 onpedeseHust 31 cunvHooelicmay-
OUWUX U HAPKOMUUECKUX 8euecmaa U UX Memaboiumos 8 Moue ¢ UCNO0Ib308aHUEM Oblcmpozo U
8blCOKOUYBCMBUMENBEHO20 MEMOOA XPOMAMO-MACC-CNEKMPOMEMPUU.

Memoovl. AHAU3 CNATIKOBAHHBIX C pACMEOPAMU CIAHOAPMO8 06pa3U08 MOUU NPOSOOUNU Me-
mooom ceepxachpeKmusHoOl IKUOKOCMHOU Xpomamozpapuu—maHOemMHOl macc-cheKkmpome-
mpuu (CBO2KX-MC/MC).

Pesynomameut. B pabome ycmaHogneHbl OudzHOCmuueckue napel npekypcop/uoH-npooykm
U HaliOeHbl d9HepaulU CcoyoapeHusl, NOo380AsOULUE OO0HOZHAUHO UOEHMUPUUUPOBAMb AHAU-
3upyemble 8euiecmsa; ONMUMUIUPOBAHbLL YCI08UsL 2UOPOAU3A Npu nposedeHuu npobonoozomosKu;
onpeodeneHsbl CeneKmueHOCMb, JAUHEeUHOCMb, npedesl KauecmeeHHo20 onpeodeseHusl, npeoes
KOUUECMB8EeHH020 onpedesieHust (YCMAHO8AEeH 8 pamKax 002080pa C PUPMOT-3aKA3UUKOM),
agppexkm wmampuusbl u HeonpedeneHHocmb usmeperust. CucmemamusuposaHHble OaHHbLE
npusedeHsbl 8 umo2080i mabauye u czpynnuposaHbsbl N0 KAACCAM onpedessiemblx 8eu,ecms.
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Bubteoout. [IpedcmasieHHas memoourxa 061a0aem 8a’KHbIMU NPEUMYULeCEAMU — OMCYMCmau-
eM CIOIHKHOU U NPoOoSIUMENbHOU NPpobono02omosKuU, a makyKe KOPOmKUM 8pemeHem mMemooa
ananusa — oxoso 10 MUH, wmo no3goasiem CyuleCmeeHHoO CHU3UMb mpyoo3dampamal, NPOOOSIU-
menbHoCMb U cebecmoumocms AHAAU3A. [JONONHEHUE HOBbLMU ONPEOeNIeMbiMU eULeCmaamu
obecneuum ee YHUBEPCANILHOCMb U NO3BOAUM PACUULUPUMbL 061aCMb NPUMEHEHUSL.

Knroueewvie cnoea: CBOXX-MC/MC, I'X-MC/MC, sanudayus, KoniuuecmeeHHoe onpeoesie-
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INTRODUCTION

In recent decades, the emergence of new
narcotic and psychotropic substances, which has
been accompanied by a steady increase in their
abuse, has become a global problem. According
to information provided by the United Nations
International Narcotics Control Board in 20207,
despite the COVID-19 pandemic, which has created
unprecedented challenges for the supply of controlled
medicines and global health systems in general, the
number of seizures of potent narcotic substances
has remained at a stable high level. Meanwhile, the
number of electronic marketplaces on the wider
Internet—and in particular on the so-called “dark
web”—has increased. Encrypted secure applications
and social networks have begun to play a significant
role in the search for such substances at the consumer
level. In view of this, the relevance of chemical and
toxicological analysis in order to control the intake
of illegal substances has increased significantly.
As a result of the active use of narcotic drugs and
psychotropic substances, the number of people with
drug addiction is steadily growing, while the number
of severe intoxications leading to death is also
increasing [1].

! Report of the International Narcotics Control Boards
(INCB) for 2020. United Nations: International Narcotics
Control Board). Vein; 2021. 167 p. URL: https://www.incb.
org/documents/Publications/AnnualReports/AR2020/Annual
Report/E_INCB_2020 1 _rus.pdf (Accessed February 10,
2022).

In this regard, one of the most urgent and
significant tasks of modern toxicological analysis
is the development of new, express, and accurate
techniques, as well as improving already used
methods for detecting controlled substances and their
metabolites in objects of biological origin, as well as
supporting their validation and implementation in the
routine practice of laboratories.

To date, chromatographic methods of
determination are widely used in combination
with mass spectrometry in various chemical and
toxicological studies, providing high rates of
selectivity and sensitivity [2-4]. Although gas
chromatography-mass spectrometry (GC-MS/MS)
methods have long been used for routine analysis,
the associated sample preparation, including the
additional purification, extraction, and derivatization
for low-volatile organic compounds, is time-
consuming. For this reason, ultra high performance
liquid chromatography in combination with tandem
mass spectrometry (UHPLC—MS/MS) has become a
popular method for screening analysis to determine
the presence of narcotic, potent, and psychotropic
substances [5].

Previously, the Anti-Doping Center—the
predecessor of the National Anti-Doping Laboratory
of M.V. Lomonosov Moscow State University (NADL
MSU)—had introduced a method for toxicological
monitoring of urine samples to identify classes of
opiates, stimulants, cannabinoids, barbiturates, and
benzodiazepines. The World Anti-Doping Agency
(WADA) criteria for the analysis of urine samples
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were taken as the basis for conducting method
validation from the TD_IDCR and TD DL technical
documents associated with this period.>* Although
screening analysis and confirmation procedures
for most compounds were performed by UHPLC-MS/MS,
some substances and their metabolites were
determined by GC—MS/MS.

In order to unify the analysis of substances
using the UHPLC-MS/MS method and bring
the methodology in line with the new regulatory
documents?, in 2020, the Laboratory revalidated
the methodology for the quantitative determination
of substances listed in Table 1. As a result, sample
preparation was optimized, allowing the UHPLC-MS/MS
parameters to be grouped according to the classes
of analytes. Compliance of the method’s validation
with the requirements of the new version of ISO/IEC
17025 was confirmed by the Association of Analytical
Centers “Analitika”.’

The present study is aimed at developing
an express and highly selective method for the
quantitative determination of 31 substances and their
metabolites included in the toxicological monitoring
group.

The performance of chemico-toxicological
analysis of employees of enterprises involved
in work requiring increased attention, or in shift
work around the clock, was carried out in accordance
with the terms of the contract concluded with
the customer company. The list of determined
compounds is given in Table 1.

MATERIALS AND METHODS

Certified reference materials

For the experiments, certified standard samples
with an initial concentration of 1.0 mg/mL were
used:  amphetamine, methylenedioxyamphetamine
(MDA), methylenedioxymethamphetamine (MDEA),
methylenedioxymethamphetamine (MDMA), meth-
amphetamine, amobarbital, butabarbital, butalbital,

2 WADA Technical Document — TD2021IDCR. 2021.
URL: https://www.wada-ama.org/en/resources/lab-documents/
td2021idcr (Accessed February 11, 2022).

3 WADA Technical Document — TD2021IDL. 2021.
URL: https://www.wada-ama.org/en/resources/lab-documents/
td2021dl (Accessed February 11, 2022).

4 ISO/IEC 17025-2019. General requirements for the
competence of testing and calibration laboratories. (In Russ.).
URL: https://docs.cntd.ru/document/1200166732 (Accessed
February 11, 2022).

5 Association of Analytical Centers “Analytica.” (In Russ.).
URL: https://aac-analitica.ru/akkreditaciya.html (Accessed
February 11, 2022).

pentabarbital, secobarbital, phenobarbital, alprazolam,

clonazepam, lorazepam, midazolam, oxazepam,
nordiazepam, temazepam, triazepam, flurazepam,
benzoylecgonine,  hydrocodone, = hydromorphone,

codeine, 6-monoacetylmorphine, morphine, oxycodone,
oxymorphone, propoxyphene, methadone, and delta-9-
tetrahydrocannabiol-9-acid (THC) purchased from LGC
(United Kingdom).

Internal  standards (ISTD) with an initial
concentration of 0.01 mg/mL: demoxepam-d, (ISTD 1),
morphine-d, (ISTD 2), and phenobarbital-d; (ISTD 3),
purchased from Cerilliant (USA), bupranolol (ISTD 4) and
mephruside (ISTD 5) purchased from NMI (Australia).

All manufacturers of certified reference materials
meet the requirements of ISO 17034°. Manufacturers
not accredited to ISO 17034 have documented the
identity and purity of reference materials from
competent laboratories that meet the requirements of
ISO/IEC 17025 [9], which is confirmed by certificates of
analysis.

Chemicals

Acetonitrile (Merck, Germany), methanol (Merck),
and formic acid (Acros Organics, Belgium) were HPLC
grade, deionized water for analysis (18.2 mQ) was
obtained using a Milli-Q system (Millipore, USA).

Sample preparation reagents: potassium carbonate
(purity is 99% minimum), potassium bicarbonate
(purity is 99% minimum), anhydrous sodium sulfate
(purity is 99.5% minimum), and diethyl ether (purity
is 95% minimum) manufactured by Sigma-Aldrich
(USA); potassium dihydrogen phosphate (purity is not
less than 99%), sodium phosphate dibasic dihydrate
(purity is not less than 99%), and sodium azide
(purity is not less than 99%) manufactured by Merck;
Escherichia Coli K 12 B-glucuronidase (Roche Diagnostics,
Switzerland); cartridges for solid phase extraction
Oasis® MCX (Waters, USA).

Glass tubes with screw caps 16 x 125 mm
(Pyrex, USA), 1.5 mL polypropylene tubes (Eppendorf,
Germany), 2.0 mL glass vials (Macherey-Nagel
GmbH & Co, Diiren, Germany), 0.2 mL polypropylene
vials (Agilent Technologies, USA), crimper, decapper,
and gas tight caps for vials were used in the study.

Samples for analysis

Urine samples for chemico-toxicological analysis
were taken from volunteers, each of whom provided a

¢ ISO 17034-2021 General requirements for the
competence of reference material producers. (In Russ.).
URL: https://docs.cntd.ru/document/1200181084 (Accessed
February 11, 2022).
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Table 1. Target compounds determined according to the program of chemico-toxicological analysis in accordance

with the requirements of the customer company

Compounds/Metabolites Thresholds, ng/mL

Amphetamine, Methyl.enedioxyamphetam.ine (MDA), Methylenedioxymethamphetamine 250
(MDEA), Methylenedioxymethamphetamine (MDMA), Methamphetamine

Amobarbital, Butobarbital, Butalbital, Pentobarbital, Secobarbital, Phenobarbital 100
Alprazolam, Clonazepam, Lorazepam, Midazolam, Nordiazepam, Oxazepam, Temazepam, 100
Triazolam, Flurazepam

Benzoylecgonine 100
Hydrocodone, Hydromorphone, Codeine, Morphine, Oxycodone, Oxymorphone 100
6-Monoacetylmorphine (6-MAM) 10
Methadone, Propoxyphene 200
Delta-9-tetrahydrocannabiol-9-acid (carboxy-THC) 10

written informed consent to the use of his biological
material for scientific purposes, in accordance with
the requirements of the laboratory code of ethics. The
conducted studies do not contradict the Declaration
of Helsinki of the World Medical Association.” These
samples were previously examined for the absence
of detectable components and used in the work as a
certified negative urine control (blank urine, Blank).

Control samples were prepared for each group of
compounds: a positive urine control containing the
amounts of detectable compounds at the threshold
level (positive control urine, PCU) and containing
the amounts of detectable compounds with a given
concentration different from the threshold value
(LabQC). A certified negative urine control (Blank)
was used as a matrix.

Equipment

In the study, the equipment was as follows:
a triple quadrupole TSQ Vantage mass spectrometer
(Thermo  Fisher Scientific, San Jose, USA),
in combination with a liquid UltiMate 3000
chromatograph  (Dionex, Germany) (UHPLC-MS/MS),
a  thermostat-incubator ~ with  programmable
temperature (Binder, Germany), low-temperature

7

Declaration  of  Helsinki.  World  Medical
Association. URL: http://acto-russia.org/index.php?option=com
content&task=view&id=21 (Accessed February 11, 2022).

liquid thermostat (Grant, United Kingdom), solid-
state incubator with programmable temperature
(Grant), rotary stirrer, vortex V-1 plus (BioSan,
Latvia), table centrifuge with Rotina horizontal
rotor (Hettich, Germany), Discovery DV215CD
(OHaus, USA) analytical balance (accuracy
5 digits), automatic batchers of variable volume
(10200 pL and 100—-1000 uL) (Eppendorf, Germany),
and 10-mL dispenser (Brand, Germany).

Sample preparation

Sample preparation included the following
main steps: enzymatic hydrolysis, extraction,
solvent removal, and resolubility for entry into the
UHPLC-MS/MS system.

To perform sample preparation for the
quantitative determination of target compounds,
12 tubes with screw caps (16 X 125 mm) were
taken and labeled with Cal0 (Blank), Call, Cal2,
Cal3, Cal4, Cal5, Cal6, and PCU markers in five
repetitions. In the first 7 tubes, 1 mL of a certified
negative urine control (Blank) was added, and in
tubes 8-12, 1 mL of a urine sample containing the
amount of analytes at the threshold level (PCU) was
added.

The preparation of urine samples for validation
was performed by two independent experts as
follows: 20 pL of the mixture of ISTD 1-ISTD
3 internal standards were added to the tubes labeled
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Cal0—Cal6 and PCU. Then, 1 mL of the hydrolysis
buffer mixture (pH 7.4) was added to each tube
and mixed on a Vortex contact mixer. Then the
samples were placed in a thermostat-incubator
with a programmed temperature of 57 + 3°C for
60 £ 10 min. After that, the tubes were cooled to
room temperature (25°C). Then 1 mL of carbonate
buffer solution (pH 9-11) and 1-2 g of sodium
sulfate were added to each tube and tubes were shaken
for 5-10 s. Next, 5 mL of diethyl ether was added
to each test tube, closed with a lid, and placed in a
rotary mixer for 20 = 5 min. Then, the tubes with
the samples were centrifuged at 2700-3100 rpm for
3—4 min; were placed in a liquid thermostat with a
programmable set temperature (—30°C) until the
water layer was frozen (5-10 min). Next, the organic
layer was transferred into test tubes 16 x 125 mm,
evaporated to dryness in a solid-state heater at 70°C,
200 pL of a solution (Diluent) containing a 0.1%
solution of formic acid in methanol/water = 5:95,
v/v, was added to the dry residue with the internal
standard solutions (ISTD 4, ISTD 5). Then, each tube
was shaken on a Vortex mixer for 5-10 s, the obtained
extracts were transferred into 0.2 mL polypropylene
vials, closed with vial lids, and placed on the
instrument.

Instrumental analysis

UHPLC-MS/MS analysis of the sample was
performed under the following parameters: an
Acquity BEH-C18 analytical column (100 mm,
2.1 mm, film thickness 1.7 um, Waters, USA)
was used. The flow rate of the mobile phase was
0.35 mL/min. The elution program started with a
0.5 min isocratic step at 95% of 0.1%-formic acid
solution in water (A) and 5% of 0.1%-formic acid
solution in methanol (B), followed by a linear
increase to 95% solution B over 4.5 min, hold at
95% (B) for 2.5 min. The solution was then
equilibrated to the end of the analysis for 10 min.
The volume of the injected sample was 10 pL.
Detection was performed in the mode of selective
reaction monitoring (SRM) of positive and negative
ions using a heated -electrospray ion source
(HESI 1II). The gas pressure in the impact
chamber was 1.5 mTorr (argon 99.9995%). The
evaporator temperature was 370°C, the capillary

temperature was 350°C, and the spray voltage was
4000 V.

CHARACTERISTICS OF THE METHOD

The validation of the method was carried out
in accordance with the requirements established in
ISO/IEC 17025%, GOST R 8.795-2012°, the measurement
uncertainty assessment guide ISO/IEC Guide 98-3:2008'°,
as well as WADA technical documents TD2021IDCR
and TD2021DL.

Selectivity

In order to investigate the potential interfering
effect of the matrix, certified negative urine control
(Blank) and control urine samples were prepared
with the addition of a mixture of each group of
compounds at the threshold level. There should
be no interfering peaks of the matrix components
with a signal-to-noise ratio exceeding 3:1 on the
obtained mass chromatograms of the analytes in the
corresponding intervals of scanning the retention
time (RT) of the analytes within = 0.1 min.

Linearity

In order to build a linear dependence of the
quantitative determination of the components,
a series of calibration solutions containing
components in the range of 50-300% (Cal0—Cal6)
of the threshold concentrations was conducted by
sample preparation.

Based on the results of the analysis, we
determined and built graphic dependences of the
concentration on the received signal, the linearity
of the calibration curves was evaluated using the
correlation coefficients R?, which should not be lower
than 0.99.

Limits of quantitative and qualitative
determinations

The limit of quantitation (LOQ) of a compound
corresponds to the lowest concentration that falls
within the linear range of the technique. In order

8 ISO/IEC 17025-2019. General requirements for the competence of testing and calibration laboratories. (In Russ.).
URL: https://docs.cntd.ru/document/1200166732 (Accessed February 11, 2022).

2 GOST R 8.795-2012. National Standard of Russian Federation. State system for ensuring the uniformity of measurements.
Identification of chemicals substance by a chromato-mass spectrometry method. The general requirements. (In Russ.).
URL: https://docs.cntd.ru/document/1200102300 (Accessed February 11, 2022).

10 ISO/IEC Guide 98-3:2008. Uncertainty of measurement. Part 3. Guide to the expression of uncertainty in measurement.
2008. URL: https://docs.cntd.ru/document/1200146871 (Accessed February 11, 2022).
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to obtain this wvalidation parameter, a certified
negative urine control (Blank) was prepared with
the addition of the least significant concentration
of the calibration solution.

The limit of detection (LOD) of the method
was set ecarlier during the development and
validation of the primary analysis procedure
by preparing a series of sequential dilutions of
solutions in urine with a final concentration of
analytes at a level of 10% (or less) of the threshold
value.

Matrix effect

In order to assess the effect of wurine
components on the analyte determination (matrix
effect, ME), control urine samples were studied
with the addition of a mixture of each group
of compounds at the threshold level and the
corresponding solutions of the same analytes in a
solvent with the same concentration. The influence
of the urine matrix was evaluated by the formula (1):

_ Control peak area (PCU)
Control solution peak area

«<100%. (1)

An ME value greater than 100% indicated an
increase in ionization, and a value below 100% indicated
suppression of ionization by the sample matrix.

Measurement uncertainty

The determination was carried out in
accordance with the Guidelines for the Expression
of Uncertainty of Measurement (GUM)!!, which
establishes general rules for assessing and
expressing measurement uncertainty in laboratories
accredited to ISO/IEC 17025. When assessing
uncertainty, an intralaboratory approach based
on the determination of intermediate precision
(intralaboratory reproducibility) was used. This
approach consists of a three-component measurement
model: the sum of measurements of the average
value of the measurement method (m), estimates
of the systematic error of the method (B), and the
contribution of random error (e) (2):

MISO/IEC Guide 98-3:2008. Uncertainty of measurement.
Part 3. Guide to the expression of uncertainty in measurement.
2008. URL:  https://docs.cntd.ru/document/1200146871
(Accessed February 11, 2022).

y=m+B+e. 2

The combined standard uncertainty (u,) was
calculated as the root sum of the squares of the
intermediate PCU precision (upm), the intermediate
precision of the calibrators (u_,), the bias uncertainty
about the PCU setpoint in the presence of a systematic
error (u, ), and the uncertainty considering the
analyte sample preparation process (u_, ) according
to the formula (3):

other

— 2 2 2 2
u,.= \/uprec F Uy T+ Upjpg T Uy - (3)

In order to assess the measurement uncertainty,
a series of calibration solutions for each group of
compounds and the corresponding positive urine controls
containing the amounts of analytes at the threshold level
were used.

RESULTS AND DISCUSSION

The main aim of this work was to develop and
validate arapid and reliable method for the quantitative
determination of target compounds in urine samples.
Precursor/product ion diagnostic pairs and collision
energies were established to unambiguously identify
the analyzed compounds. During the development
of the method, optimal ionization conditions were
obtained for each compound. The final data for the
entire list of analytes are presented in Table 2.

Prior to validating the method, the conditions
for the main stages of sample preparation, hydrolysis,
and extraction were selected. Possibilities for
using acid and enzymatic hydrolysis to determine
compounds forming conjugates during metabolism
were evaluated. The majority of the metabolites
form derivatives of glucuronic acid, with only
a small amount being excreted in the form of
sulfates, acetates, and some other salts [6].
Although both types of hydrolysis are used to
determine most of the substances during sample
preparation, rather aggressive conditions are
required when selecting an acid hydrolysis method:
hydrochloric acid in high concentration (10N)
and prolonged thermostating (at least 30 min) at
high temperature (above 90°C), which may
have a negative effect on the structures of some
polar metabolites of the analyzed compounds
(benzodiazepines, THC) [7]. By contrast, enzymatic
hydrolysis does not require such conditions; instead,
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Table 2. Chromato-mass-spectrometric characteristics of analytes

Precursor ion, m/z

Product ion

Compound RT, min | Type of ionization (au.m.) (collision energy), m/z (V)

180.1 (22)
Demoxepan-d, (ISTD 1) 3.60 + 292.1

124.1 (37)

199.1 (25)
Morphine-d, (ISTD 2) 1.27 + 302.1

128.1 (34)
Phenobarbital-d, (ISTD 3) 1.77 - 236.1 193.1 (13), 42.0 (20)

216.1 (15)
Bupranolol (ISTD 4) 4.10 + 272.1

218.1 (15)
Mephruside (ISTD 5) 4.28 + 380.9 189.0 (30)

119.1 (7)
Amphetamine 2.78 + 136.1

91.1 (16)

163.1 (10)
MDA 2.80 + 180.1

135.1 (20)

163.1 (12)
MDMA 2.83 + 194.0

135.1 (21)

135.1 (21)
MDEA 3.00 + 208.1

163.1 (12)

91.1 (23)
Methamphetamine 2.85 + 150.1

119.1 (10)

42.1 (25)
Amobarbital 3.66 - 225.1

182.1 (10)

168.1 (13)
Butabarbital 4.35 - 201.1

42.1 (20)

180.2 (10)
Butalbital 2.45 - 223.1

42.1 (25)

42.1 (25)
Pentabarbital 3.52 - 225.1

182.1 (10)

42.1 (25)
Secobarbital 4.60 - 237.1

194.1 (10)

188.1 (12)
Phenobarbital 4.04 - 231.1

42.1 (19)

309.1 205.1 (41)
Alprazolam 4.15 +
311.1 205.1 (40)

270.1 (24)
Clonazepam 3.75 + 316.1

214.1 (37)
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Table 2. Continued

. . e . Precursor ion, m/z Product ion
Compound RT, min | Type of ionization () (G e e i )
323.1 277.1 (21)
Lorazepam 4.10 +
321.1 275.1 (21)
326.1 291.1 (26)
Midazolam 2.95 +
328.1 291.1 (26)
140.1 (27)
Nordiazepam 4.37 + 271.1
208.1 (27)
287.1 241.1 (22)
Oxazepam 4.10 +
289.1 243.1 (21)
301.1 255.1(29)
Temazepam 4.25 +
303.1 257.1(22)
343.1 308.1 (25)
Triazolam 4.14 +
345.1 308.1 (25)
388.1 315.1 (25)
Flurazepam 2.90 +
390.1 317.1 (22)
168.1 (19)
Benzoylecgonine 3.30 + 290.1
105.1 (30)
128.1 (10)
Hydrocodone 2.73 + 300.1
199.1 (11)
157.1 (11)
Hydromoron 1.87 + 286.1
185.1 (20)
152.1 (17)
Codeine 2.58 + 300.1
165.1 (14)
152.1 (15)
Morphine 1.36 + 386.1
165.1 (8)
241.1 (5)
Oxycodone 2.67 + 316.1
256.1 (20)
227.1 (11)
Oxymorphone 1.54 + 302.1
284.1(12)
165.1 (13)
6-MAM 2.76 + 328.1
211.1 (12)
143.1 (19)
Propoxyphene 3.40 + 266.1
128.1 (33)
265.1 (14)
Methadone 4.40 + 310.1
219.1 (24)
2452 (31)
Carboxy-THC 5.82 - 343.1
191.2 (39)
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E-coli beta-glucuronidase enzymes can be added
to a phosphate buffer solution (pH 6.5-7.0) and
incubation carried out at a temperature of 57°C
for 60 min [8, 9]. Another important advantage of
enzymatic hydrolysis is its high specificity due
to the reduction in the urine matrix of interfering
peaks associated with the cleavage of polysaccharide
fragments of molecules, as well as the prevention
of the breakdown of labile compounds and the
exclusion of the use of aggressive media (reduction
of hazard class). After taking the above factors
into account, as well as the possible unification of
sample preparation for all compounds, the choice was
made in favor of enzymatic hydrolysis.

Some literature sources provide evidence that
solid phase extraction (SPE) offers significant
advantages as compared with liquid—liquid extraction
(LLE) due to allowing purer eluates to be obtained
[10]; this is especially important when determining
substances at low concentrations. In the process of
choosing the conditions for sample preparation,
we compared the results after LLE of samples
with diethyl ether and a carbonate buffer solution
(pH 9.5-11) with added sodium sulfate with the
results of SPE using Oasis® cartridges. Due to the
threshold values for the quantitative determination
of the validated compounds significantly exceeding
the LOD (see Table 3), no significant difference
was found in the analysis of the obtained extracts.
Therefore, the choice was made in favor of
LLE, which ultimately significantly reduced the
cost and time of sample preparation for analysis.

Selectivity

An analysis of the mass chromatogram sections
showed that the obtained mass chromatograms of the
analytes in the corresponding intervals of scanning
the RT of the analytes within £0.1 min did not contain
interfering peaks of the matrix components with a
signal-to-noise ratio exceeding 3:1.

Linearity

For each analyte, a linear dependence of the
concentration of a series of calibration solutions
[11, 12], containing components in the range of
50-300% (Cal0—Cal6) of the threshold concentration
value on the ratio of the signal of the analyte
component to the signal of the corresponding internal
standard was plotted. As an example, Figure shows a
graph of a linear calibration curve for hydromorphone.

The results obtained indicate that the R?
correlation coefficients for each compound were

higher than the established value of 0.99 (the
minimum value was 0.9918 for 6-MAM and the
maximum value was 0.9992 for clonazepam and
triazolam). The results obtained indicate a linear
dependence in the selected concentration range
(see Table 3).

Limit of quantitation

The obtained data on LOQ and LOD for each
substance are presented in Table 3. LOQ and LOD
values met the requirements of the customer’s
company (see Table 1).

Matrix effect

Most of the analyzed compounds showed
ME values in the range of 85-115%, which indicates
that the resulting matrix effect is negligible [13].
The minimum ME value was obtained for butalbital,
59.2 + 7%, and the maximum for benzoylecgonine,
130.0 = 2.0%. The data are given in Table 3.

Measurement uncertainty

The determination of intermediate precision
was performed based on a data set of 5 PCU
samples performed by two specialists within 5 days
(n = 50). Each PCU result, in turn, was the average
of three replicate measurements. The obtained
data array was evaluated for outliers: the median
of the sample, the lower and upper quartiles,
and the inner and outer limits of the range were
determined according to the method proposed in
ISO/IEC Guide 98-3:2008. In a homogeneous
sample of corrected (if necessary) values of the
PCU samples, the mean, standard deviation, and
relative standard deviation were determined under
reproducibility conditions (intermediate precision,
upm). The intermediate precision of the calibration
solutions (u_) for each analyte was calculated
as the root sum of the squares of the relative
standard deviation of the levels of the calibration
curve and the accuracy between the given and
obtained concentration value for each level. The
bias uncertainties about the PCU setpoint were
evaluated in the presence of a systematic error
(u,;,)- The systematic error was determined using
the Student’s test. The uncertainty, which takes
into account the process of sample preparation of
u,,. analytes, was calculated as the root sum of
the squares of the uncertainties of the standard
sample (according to the quality certificate),
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Table 3. Validation characteristics of the methodology

Compound LOD, ng/mL | LOQ%*, ng/mL Linearity, ng/mL R? (n=10) ME, % u, %
Amphetamine 0.5 125 125-750 0.9986 + 0.0008 | 95.9+5.1 6.5
MDA 2.0 125 125-750 0.9990 + 0.0004 99.2+4.6 6.2
MDEA 0.5 125 125-750 0.9983 £0.0012 | 101.5+2.8 7.3
MDMA 0.5 125 125-750 0.9986 + 0.0007 | 99.8+3.3 7.6
Methamphetamine 0.5 125 125-750 0.9986 + 0.0008 | 101.5+3.9 6.7
Amobarbital 10 100 100-1000 0.9956 £ 0.0024 86.1+5 8.8
Butabarbital 10 100 100-1000 0.9943 + 0.0020 98.0+5 8.7
Butalbital 10 100 100-1000 0.9950 + 0.0020 592+7 7.3
Pentabarbital 10 100 100-1000 0.9952 + 0.0025 794+ 6 8.6
Secobarbital 10 100 100-1000 0.9958 £ 0.0021 85.6+8 8.3
Phenobarbital 10 50 50-2000 0.9979 £0.0014 86.1+5 10.6
Alprazolam 0.5 50 50-300 0.9987 £ 007.00 94.7+2.4 8.7
Clonazepam 0.5 50 50-300 0.9992 + 0.0004 | 95.2+4.6 7.1
Lorazepam 0.5 50 50-300 0.9987 + 0.0006 | 106.0 +3.7 83
Midazolam 0.5 50 50-300 0.9987 + 0.0005 | 92.1+3.0 8.1
Oxazepam 0.5 50 50-300 0.9972 + 0.0025 | 102.7+4.3 9.8
Nordiazepam 0.5 50 50-300 0.9990 £ 0.0030 90.8 +£3.7 7.2
Temazepam 0.5 50 50-300 0.9971 £0.0016 | 99.1+£43 8.2
Triazolam 0.5 50 50-300 0.9992 + 0.0003 | 90.5+2.1 6.8
Flurazepam 0.5 50 50-300 0.9980 + 0.0013 | 100.8 1.9 8.5
Benzoylecgonine 1.0 50 50-300 0.9989 +0.0006 | 130.0+2.0 5.6
Hydrocodone 1.0 50 50-300 0.9971 +£0.0030 | 105.1+3.0 | 11.9
Hydromorphone 2.0 50 50-300 0.9989 +0.0003 | 109.6 + 3.1 6.9
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Table 3. Continued
Compound LOD, ng/mL | LOQ%*, ng/mL Linearity, ng/mL R? (n=10) ME, % u, %
Codeine 1.0 50 50-300 0.9968 + 0.0034 | 106.9+2.6 12.7
Morphine 1.0 50 50-300 0.9987 +£0.0006 | 100.3+1.0| 11.6
Oxycodone 1.0 50 50-300 0.9959 £ 0.0038 | 100.9+3.0 | 13.2
Oxymorphone 2.0 50 50-300 0.9965+0.0024 | 95.6+2.7 12.1
6-MAM 0.2 5 5-30 0.9918 +£0.0025 | 97.5+1.5 16.2
Propoxyphen 10 100 100-600 0.9985+0.0010 | 112.2+5.7 7.5
Methadone 0.5 100 100-600 0.9982 +0.0009 | 99.0+4.5 6.9
Carboxy-THC 2.0 5 5-200 0.9983 + 0.0012 952+6 19.0
* In accordance with the terms of the contract with the customer.
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Figure. Linear calibration curve plot of hydromorphone.
aliquoting the wurine sample with automatic CONCLUSIONS

dispensers, and diluting the urine sample (during the
preparation of solutions).

The combined uncertainty value was calculated
by formula (3). The maximum uncertainty value
was 19%, the data are presented in Table 3. This
method can be used to quantify the presented list of
substances (see Table 1).

A new approach for the quantitative determination
of 31 potent and narcotic substances and their
metabolites in urine intended for introduction into
the routine practice of NADL MSU was
significantly revised and validated using a fast
and highly sensitive UHPLC-MS/MS method.
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The important advantages of the technique are the
absence of complex and lengthy sample preparation
(e.g, SPE and the formation of TMS derivatives), as
well as a short analysis time of about 10 min. This
allows the duration of the determination to be
significantly reduced, along with labor and analysis
costs. The addition of new detectable compounds will
ensure the adopted method’s versatility and allow its
scope to be expanded without loss of sensitivity and
selectivity when performing chemico-toxicological
analysis or doping control.

The  improved  methodology  has  been
revalidated in accordance with the requirements of
ISO/TIEC 17025-2019 and included in the scope of
NADL MSU accreditation. Since the introduction
of the validated methodology, more than 750 urine
samples have been analyzed and more than 30 confirmed
positive samples have been identified, which confirms
the high level of detectability and sensitivity.
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