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“GREENING” OF THE INDUSTRIAL TECHNOLOGY OF ENOXAPARIN SODIUM
SYNTHESIS

Yuliia Bovsunovska, Vitalii Rudiuk, Victoriya Georgiyants

The aim: carrying out stages of synthesis of intermediates of Enoxaparin sodium, considering the variation of syn-
thesis parameters. Correlation analysis between the technological parameters of the synthesis and the quality of
the obtained samples. Evaluation of the influence of the quality of semi-finished products on the quality of the final
substance. Implementation of the principles of green chemistry in the synthesis of Enoxaparin sodium by reducing
the production cycle and using the most environmentally friendly solvents and reagents.

Materials and methods: samples of intermediates of the substance Enoxaparin sodium were synthesized according
to the method described in the patent, as well as with a variation of the selected critical technological parameters.

The obtained samples of intermediate products were analyzed according to the internal specification. In addition,

an NMR-spectroscopy analysis was carried out for detailed structural characterization of Enoxaparin sodium
intermediate molecules.

Results: the method of synthesis of intermediates of the Enoxaparin substance proposed in the patent was eval-
uated and the critical parameter for the formation of the final molecule was selected, namely the reaction mass

holding time. The intermediates of Enoxaparin sodium — benzethonium salt of heparin and benzyl ester of heparin
were developed according to the selected parameters and the analysis of the obtained samples was carried out
according to the internal ND. Taking into account the principles of green chemistry, the method of synthesis of the
intermediate product — benzyl ester of heparin was optimized by solvent regeneration.

Conclusions: As a result of the research, the methods of synthesis of intermediates of Enoxaparin were evaluated
and the technological parameters of the synthesis of intermediates were determined, allowing to obtain a substance
equivalent to the original Clexane® and Lovenox®. Evaluation of the method of synthesis of intermediate products
according to the principles of green chemistry was carried out. The possibilities of greening the synthesis were
analyzed. The holding time of the reaction mass of the benzethonium salt of heparin was reduced from 6 to 4 hours,

and the benzyl ester of heparin from 25 to 22 hours. The E-factor indicator was reduced by regeneration of the
solvent at the stage of synthesis of heparin benzyl ester
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1. Introduction

Enoxaparin sodium preparations, which are
semi-synthetic analogues of sodium heparin, are extremely
important and necessary drugs in the modern world for the
prevention and treatment of disorders of the hemostasis
system. Anticoagulants, in particular Enoxaparin, have
gained critical importance with the emergence of the coro-
navirus pandemic. Enoxaparin sodium demonstrated a re-
duction in mortality due to the disease due to the normaliza-
tion of hemodynamic parameters and an anti-inflammatory
effect, which is manifested in the modulation of the body’s
immune response to the stimulus [1, 2]. It was because of the
outbreak of the pandemic that the need to increase the pro-
duction of Enoxaparin increased, which became the impe-
tus for the intensification of research and development of
this active pharmaceutical ingredient.

The synthesis of Enoxaparin sodium molecule is a
multi-stage process consisting of several transformations
of the raw material sodium heparin under controlled con-

ditions with the formation of intermediate products — ben-
zethonium salt of heparin and benzyl ester of heparin. The
synthesis and establishment of equivalence of generic
products is a potentially complex phenomenon that re-
quires high-precision technology to ensure analytical
characterization and a positive result in preclinical studies
and immunogenic evaluation [3]. That is why a necessary
stage in the development of the method of synthesis of
Enoxaparin sodium is the assessment of the methods of
synthesis of intermediate products, the quality of which
can potentially affect the quality of the final substance.
The benzethonium salt is formed by the exchange
reaction of sodium heparin and a quaternary ammonium
salt, in this case benzethonium chloride, followed by
washing and drying of the intermediate. The following
intermediate product is synthesized from the obtained
benzethonium salt — heparin benzyl ester. It is formed due
to an esterification reaction with the participation of an
alkylating agent — benzyl chloride, followed by precipita-
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tion with a methanol solution of sodium acetate [4, 5]. The
formation of the molecule is directly affected by the stage
of alkaline hydrolysis of heparin benzyl ester, that is, the
stage of chemical B-elimination. It requires high-precision
control of technological indicators, as the synthesis condi-
tions affect the composition of the molecule. The results of
the study of the influence of technological parameters on
the formation of Enoxaparin were described in the previ-
ous article [6]. The last step in a series of preliminary
transformations is the purification of crude enoxaparin
sodium by reprecipitation in methanol. It is known that the
amount of methanol for reprecipitation of Enoxaparin af-
fects the occurrence of certain modifications in the struc-
ture of the molecule, namely, it affects the distribution of
short and long saccharide chains.

A complex technological process involves the use
of many reagents and solvents, which, in turn, affects the
environmental friendliness of the synthesis.

Since the 1940s, environmental problems began to
arise in connection with the increase in industrial activity.
The growing concern about the production of a large
amount of waste and harmful substances in the chemical
industry has led to the development of a whole field of mod-
ern science and technology, which is gaining more and more
rapid development in our present [7]. Green chemistry is a
production concept aimed at efficient use of raw materials
and resources, avoidance of toxic and dangerous reagents,
reduction of waste and by-products, including through their
processing and regeneration with subsequent reuse [8]. All
these implementations are aimed not only at reducing the
burden on the environment, but also at improving the eco-
nomic competitiveness of production.

The year 1990 is considered the official beginning
of the development of this industry, when, in connection
with the growth of environmental awareness, the Ameri-
can Environmental Protection Agency (EPA) introduced
the pollution prevention law [9]. Thanks to this law and
many publications of scientists, 12 Principles of green
chemistry were formed, which became a kind of reference
point in the planning and optimization of chemical produc-
tion technologies [10, 11].

To simplify the implementation of “green” tech-
nologies, metrics were developed that easily allow under-
standing the conditional degree of environmental friend-
liness. Below are the main ones:

1. E-factor — the ratio of the amount of waste to the
amount of product. In the calculation of the E-factor, all
used raw materials, except water, are included in the
calculation.

2. PMI (Process mass intensity) is a metric similar
to the E-factor, but it is calculated by the ratio of the mass
of all materials used to the mass of the final product.

3. Atom Economy — the ratio of the relative molec-
ular mass of the final product to the relative molecular
mass of all reagents, expressed as a percentage [12, 13].

In the pharmaceutical industry, solvents make up
80—-90 % of the mass of materials used for the synthesis
of APIs. They play a dominant role in the toxicity profile
of any process [14]. In 2012, the public-private partner-
ship Innovative Medicines Initiative CHEM21 was estab-

82

lished, which included pharmaceutical companies, uni-
versities, and small and medium-sized enterprises. This
partnership has developed guidelines for solvent selec-
tion, each of which includes a list of evaluation crite-
ria (environmental impact criteria, safety criteria, etc.)
that sort solvents into the following categories: [15, 16]:

—recommended (or preferred): solvents to be tested
first in a screening exercise, if of course there is no chem-
ical incompatibility in the process conditions.

— problematic: these solvents can be used in the lab
or in the Kilolab, but their implementation in the pilot
plant or at the production scale will require specific mea-
sures, or significant energy consumption.

—hazardous: the constraints on scale-up are very
strong. The substitution of these solvents during process
development is a priority.

— highly hazardous: solvents to be avoided, even in
the laboratory [17].

The aim of this work was to monitor the possible
dependence of the quality indicators of semi-finished
products on the technological parameters of their synthe-
sis, as well as to assess the influence of the quality of
semi-finished products on the quality of the final sub-
stance. The task was also to implement the principles of
green chemistry in the synthesis of Enoxaparin sodium,
which involves reducing the production cycle and using
the most environmentally friendly solvents and reagents.

2. Research planning (methodology)

The research was based on the synthesis method
described in the patent [4].

The research included a step-by-step development
of the research goal:

1. The first stage of this work is to evaluate the
possibilities of “greening” the synthesis of intermediates
by varying the parameters of individual stages given in
the patent:

1. 1. The intermediate benzethonium salt of heparin
is obtained in an aqueous environment and at room tem-
perature, which does not contradict the principles of green
chemistry and increases the energy efficiency of the process.
The technological parameter that can be considered as criti-
cal and the one that affects the “greening” of the synthesis
is the indicator of the holding time of the reaction mass.
Reducing the holding time will allow to reduce the produc-
tion cycle and reduce the energy consumption of production.
Since the patent does not describe the reaction mass holding
time in the process of producing benzethonium salt of hep-
arin, this parameter and its variation were chosen empirical-
ly in the range of 642 hours.

1. 2. At the stage of obtaining the benzyl ester of
heparin, we paid attention to the possibility of variation in
the time of esterification, and considered the solvents used
for the synthesis, since esterification takes place with the
participation of reagents that significantly affect the safety
and environmental friendliness of the synthesis.

As stated in the patent, the partial ester of heparin
in salt form, the degree of esterification of which ranges
from 9.5 % to 14 %, may be prepared by esterification of
the long-chain quaternary ammonium salt of heparin in
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a chlorinated organic solvent, in the presence of a chlo-
rine derivative. Preferably, the chlorine derivative is
benzyl chloride, and the chlorinated solvent is either
chloroform or methylene chloride [4].

In other patents, there is also information about
the possibility of using other solvents:

For the esterification (step-b), the inert solvent used
for dissolving the heparin benzethonium salt is selected
from N, N-dimethylformamide (DMF), N,N-dimethylacet-
amide (DM Ac), methylene chloride (DCM) and the like [18].

Solvents should be considered to increase the

“greening” of the synthesis of heparin benzyl ester:
— dichloromethane is an organochlorine solvent, a
toxic, volatile compound,
— chloroform is an organochlorine solvent, depresses
the central nervous system, and is a probable carcinogen;
— dimethylacetamide is an aprotic solvent, a flam-
mable, combustible substance that exhibits reproductive
toxicity;
— dimethylformamide is an aprotic solvent, a sub-
stance with reproductive toxicity;
— methanol is a representative of monoatomic alco-
hols, a poisonous substance.

The choice between CHCL/DCM/DMF/DMA was
made by us based on the evaluation of data in the guidelines
for the selection of solvents developed by global pharmaceu-
tical companies [15]. As indicated in Table 1, dichlorometh-
ane has an advantage in use compared to other solvents. In
addition, it is worth noting that dichloromethane is the most
popular chlorinated solvent in terms of frequency of use.
This is also due to its low cost, which creates an advantage
in terms of reducing production costs [19].

In addition, the European Regulation on the “Reg-
istration, Evaluation, Authorization and Restriction of
Chemicals” (REACH) has imposed restrictions on chlo-
roform and dichloromethane with certain conditions,
while DMF and DMAc are listed as “substances of very
serious concern” (SVHC) [20, 21].

Replacing methanol, as a poisonous substance,
with a safer solvent at this stage is impossible due to the
physical and chemical properties of sodium acetate, the
solution of which is necessary for precipitation of the
benzyl ester of heparin. For example, the solubility of
sodium acetate in methanol is 16 g/100 g (15 °C), while
in ethanol only the trihydrate form is soluble in the
amount of 5.3 g/100 ml. Thus, the replacement of sol-
vents at this stage can significantly affect the yield and
quality of heparin benzyl ester. Therefore, experimental
studies were carried out using dichloromethane, other
solvents and reagents were used according to the patent.

The selected parameter for possible “greening” at
this stage is a variation of the holding time in the range of
2543 hours.

2. At the second stage, carry out a gradual synthe-
sis/purification of intermediates products according to
the conditions specified in the patent and the planned
variation of parameters, a comparison of their quality
indicators and an assessment of the influence of the qual-
ity of intermediates on the quality of the final product.

3. According to the results of the conducted exper-
imental studies, make corrections to the general method
of synthesis of Enoxaparin sodium.

3. Materials and methods

This study was conducted during 2019-2021.

Water test was carried out on Mettler Toledo T70 ti-
trator (Switzerland) (Ph. Eur. 2.5.12), Sodium test was made
on High-Resolution Continuum Source Atomic Absorption
Spectrometer for Flame and Hydride Analytik Jena Contr
AA 300 (Germany) (Ph. Eur. 2.2.23), Loss on drying test
was performed on Pol-Eko Aparaturaslw 53 (Ph. Eur. 2.2.32).
Assay — free benzyl alcohol test was carried out by HPLC
method on Agilent 1260 Infinity I (USA), column Zorbax
SB-C18 (150 mm*4.6 mm*5 um) (Ph. Eur. 2.2.29, 2.2.46),
residual solvents test was performed by a method of head-
space gas chromatography on Agilent GC 7890B (USA),
column DB — 624 sized 60 mx0.32 mm, with a layer thick-
ness of 1.8 um (Ph. Eur. 2.2.28, 2.2.46). Molecular Weight
Distribution and Weight-Average Molecular Weight was
performed on Shimadzu chromatograph (Japan), column
PX TSKgel G2000SW (300 mm*7.8 mm*5 mkm) with de-
tector module Viscotec 305, Malvern Instruments LTD
(England) (Ph. Eur. 2.2.30)

3. 1. Preparation of benzethonium salt of heparin

A solution of benzethonium chloride 2 (25 g) in water
(125 ml) was added to a solution of heparin sodium 1 (10 g)
prepared in water (100 ml). The product obtained 3 was then
filtered off, washed with water and thereafter dried.

The yield of the intermediate product is 98 % of the
theoretical yield.

The samples of the benzethonium salt of heparin,
which were processed at the first stage according to the
given methodology and with variations of the “holding
time” parameter, were analyzed according to internal
regulatory documents. The “Water” indicator was deter-
mined according to the Ph. Eur. 2.5.12, it was chosen to
control the drying efficiency of the intermediate product,
since the next stage takes place in anhydrous conditions.
The water content criterion “no more than 2.0 %” was

Table 1 determined statistically.

T . . fsol 4% 1 Such a content does not

Generalized rating comparison of solvents interfere with the course

Solvent ZAStrE GCI-PR S (‘}La)[(((; . Pfizer Sanofi Overall of the next reaction and is
eneka mith Kletn optimal in view of the

DCM 20 18 5 Undesirable | Substitution advisable physical characteristics of
. the intermediate product.

CHCI, — 18 4 Undesirable Banned Highly hazardous Separately from the regu-
DMF 20 17 7 Undesirable | Substitution requested Hazardous latory document, the ob-
DMAc| 20 16 4 Undesirable | Substitution requested Hazardous tained samples were ana-
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lyzed to obtain informative data on the “Sodium”
indicator (Ph. Eur. 2.2.23), which controls the quality of
washing the benzethonium salt of heparin from sodium
chloride, which is formed as a by-product in the reaction
process. In addition, the Ronzoni Institute experimental-
ly conducted an analysis of the proof of the structure of
molecules by the method of proton NMR 'H spectrosco-
py: the solvent is CDCI,.

R;=HorSO;Na
R,=COCH; or SO;Na

3. 2. Preparation of benzyl ester of heparin

Benzyl chloride 4 (15 ml) was added to a solution of
benzethonium heparinate 3 (15 g) in methylene chlo-
ride 5 (75 ml). The solution was heated to a temperature of
35 °C, which was maintained for 25 hours. A 10 % solution
(90 ml) of sodium acetate in methanol 6 was then added, the
mixture was filtered, and the product was washed in meth-
anol and dried. Heparin benzyl ester 7 (6.5 g) was thereby
obtained in the form of a sodium salt, the degree of esterifi-
cation of which, determined as described above, was 13.3 %.

3

O30k

030 Ma
RO
CH,CL,, PhH CO.C
CH
CH #O0Ns, CH ;O0H
OR,
n
n

R=C.HNO,
Ri=Hor 30 .R
R,=COCH ; 0r 50 R

The samples were processed according to the de-
scribed method with a variation of the “holding time” in-
dicator in the range of +3 hours, i.e., the esterification re-
action lasted 22, 25, and 28 hours. The development of
benzyl ester took place with a certain difference from the
patent at the stage of isolation of the intermediate product.
After precipitation with a methanol solution of sodium ac-
etate, a sticky amorphous precipitate is formed, which has
a sharp smell of benzyl alcohol. Therefore, a necessary
step is the purification of the intermediate, which was
separated into a separate step, described below. Thus, after
carrying out the esterification reaction and isolating the
crude benzyl ester of heparin, the filtered but not dried
intermediate is dissolved in an aqueous solution of sodium
chloride with subsequent precipitation in methanol.

Analysis and evaluation of the quality of interme-
diate products took place after the purification of the
benzyl ester of heparin.

84

3. 3. Purification of heparin benzyl ester

Add sodium chloride (0.09 kg) to purified water
(0.79 kg). Add the filtered benzyl ester of heparin to the
sodium chloride solution, mix until a homogeneous mass
is formed. Add the resulting mixture to methanol (1.4 kg).
The mixture was filtered, and the product was washed in
methanol and dried.

Samples of purified
benzyl ester of heparin
were analyzed according to

3

0SO;R the internal specification of
o JSC Pharmak according to
0R, Y—o the indicators “Residual
amounts of organic sol-
HN vents” (GC, Ph. Eur. 2.2.28,
By . 2.2.46) and “Loss in mass
during drying” (Ph. Eur.
R =C,.H,NO,

2.2.32) — as criteria for the
quality of drying of the in-
termediate product, “Quan-
titative determination - free benzyl alcohol” (HPLC, Ph.
Eur. 2.2.29, 2.2.46) — to understand the quality of wash-
ing of the intermediate product. As an experiment, the
analysis was carried out according to the parameters

R,=Hor SO;R
R,=COCH; or SO;R

“Sodium” (AAC, Ph. Eur. 2.2.23) and ‘“Average relative

molecular weight” (Ph. Eur. 2.2.30) — to understand the
dynamics of the change in molecular weight during the
reaction.

The structure was confirmed by 'H NMR by the
Ronzoni Institute: D,O solvent, TSP internal standard.

A factor that can green
the synthesis at this stage is
the regeneration of methanol
for its reuse.

4. Research results
and their discussion

4. 1. Preparation of
benzethonium salt of heparin

At the first stage, the
benzethonium salt of hepa-
rin 3 is obtained, which is
formed by mixing solutions of benzethonium chloride 2
and sodium heparin 1. At this stage, the substances re-
act quantitatively, which prevents the formation of
by-products.

For comparison, we developed and analyzed sam-
ples with the following variations in holding time:

— 4 hours (D 461);
— 6 hours (D 462);
— 8 hours (D 460).

It was noted that the variation of the reaction mass
holding time did not affect its yield. An analysis of the
processed samples was carried out according to the inter-
nal processes (Table 2). The results of the analysis meet
the requirements of regulatory documentation.

For a more detailed study of the composition of the
obtained intermediates and to identify possible differenc-
es, an analysis of the benzethonium salt of heparin by the
"H NMR method was carried out (Fig. 1).

Ry=Hord0 ;Na
R,=COCH; or 30 Na
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Fig. 1. Proton NMR spectrum of the benzethonium salt of heparin

The quality assessment of the
obtained experimental samples was car-
ried out according to the internal speci-
fication.

As shown by the results of the ex-
perimental determination of quality pa-
rameters, all synthesized samples demon-
strated compliance with the requirements
of the internal ND (Table 3).

The next stage was the study of the
structure of the synthesized samples of
heparin benzyl ester by the 'H NMR
method. The comparative spectrum of
samples is presented in Fig. 2, 3. The ob-
tained spectra were evaluated and com-
pared based on chemical shifts and inte-
gral signal intensity of benzyl protons
and heparin residue (Fig. 3).

Table 2 Table 3
Results of analysis of samples of benzethonium salt of Results of the analysis of heparin benzyl ester samples
heparin Indicator Requirements of ND|D 463| D 464 |D 465
Indicator | Requirements of ND | D461 | D462 | D460 Loss in mass during|  Not more than | o | -, | -
drying, % 10.0 % ’ ’ ’
Water, % Not more than 2.0 % 1.8 1.7 1.8 2 -
Sodium, % | Information quantity |<LOD |<LOD |<LOD Sodium, % Infonngtlon 8.6 8.6 97
quantity
. . Quantitative
4.2. I;rep&;rﬁtlon .of benz;il ester of hegarnll ; determination (free Not Bncl)r; than 001 | 0.02 | 0.01
. Samp es of heparin benZ}{ ester were deve ope benzyl alcohol), % 1%
with a variation of the technological parameter “holding Methanol NMT
time” to shorten the production cycle, which contributes Residual amounts e3 0830 n 189 | 1073 | 434
to the “greening” of the synthesis. So, the esterification of organic solvents, —— PP
time varied as follows: ppm Dﬁcﬁlﬁ}’rg&emme 0 0 0
—22 hours (D 463); PP
—25 hours (D 464 — according to the patent Identification :
. (Average relative Information 1, 7» 117558 18009
US 5,389,618); lecul ioh quantity
— 28 hours (D 465). molecular weight)
D465 2 1 1192.168.1.90\data_cat\CAT2020A\DATI\NMR\Topspin ?
i Scale : 0.4145 _E
Benzyl signals \
\‘ A v'l\ T P‘\Iq QJA\
IV MV o) J 2
J \\ JJ \,\,LJ \/ \,\{/Ik L ‘l -2
o MM
#
J I} §
{ o
T T T T T T ' i
8 6 4 2 4 [ppm]

Fig. 2. Proton NMR spectrum of heparin benzyl ester: HOD residual signal, # methanol, § TSP D.463 (green),
D464 (red) D465 (blue)
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Fig. 3. Proton NMR spectrum and the corresponding integrals: a — D463; b — D464; ¢ — D465
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4. 3. Purification of heparin benzyl ester

This stage is not described in the patent but is nec-
essary because it allows you to obtain an intermediate
product that does not contain solvent residues (dichloro-
methane) and by-products formed as a result of the reac-
tion, for example, benzyl alcohol.

The purification stage of the benzyl ester involved
the regeneration of methanol.

The regeneration yield was 70 %. The calculation
of the E-factor considering the regeneration of methanol
is given in Table 4.

The obtained E-factor value without methanol re-
generation is 131.4.

Recalculation of the E-factor considering metha-
nol regeneration — 68.4.

Table 4
Calculation of the E-factor of the stage of obtaining the benzyl ester
of heparin, taking into account the regeneration of the solvent

At this stage of the synthesis, we compared the

sample obtained under the conditions specified in the

patent and the samples developed with a variation of the

“holding time” parameter to assess the dynamics of
changes in the structure and quality of the intermediates

product. The analysis of the obtained samples was car-

ried out according to the internal procedures. As can be

seen from the obtained results (Table 2), all experimental

samples meet the quality parameters established by the

regulatory documentation.

For additional control, the Ronzoni Institute con-
ducted a study of the structure of the obtained samples
using "H NMR spectroscopy.

On the PMR spectrum (Fig. 1) there is a signal
belonging to the benzethonium component, but there is
no signal belonging to the anomer of heparin.

Thus, the PMR spectroscopy method is uninfor-
mative for assessing the quality of this intermedi-
ate product.

, Mass of materials, kg | Mass of E-fac- E-factor After the general assessment of quality, it
Materials without sol- | solvent pmﬁ' tor | Withsolvent| ¢ osible to conclude that the influence of the
- vent recovery | recovery | uct, kg recovery time of holding of the reaction mass during the
Benzethpmum 0.44 0.44 synthesis of benzethonium salt of heparin is not
heparinate .. . . L «
critical. Since in view of the principles of “green
beM - 2.93 2.93 chemistry” preference is given to shortening the
Ben.zylchlorlde 0.48 0.48 0.1 131.4 68.4 technological process, the smallest number of
Soc?lum acetgte 0.22 0.22 hours of holding (D 461) was chosen for further
Sodium chloride 0.17 0.17 work at this stage.
Methanol 9.0 2.7
13.24 6.94 5. 2. Preparation of benzyl ester of

4. 4. Obtaining crude Enoxaparin sodium

The synthesis stage of Enoxaparin sodium was
studied separately and described earlier [4]. As a result of
the work carried out, the technological parameters of the
Enoxaparin synthesis process were optimized — the tem-
perature of the reaction mass was reduced from 62 °C
to 57 °C, which positively affects the greening of the
synthesis by reducing energy consumption. Regeneration
of methanol at the stage of obtaining technical Enoxapa-
rin sodium is impossible, because the mother liquor
contains many degradation products of the depolymer-
ization reaction, which makes it impossible to obtain a
solvent of appropriate purity after distillation.

4. 5. Purification of technical enoxaparin sodium

Development and improvement of the purification
technique of crude Enoxaparin sodium is planned as an
object of further research.

5. Discussion of research results

5. 1. Preparation of benzethonium salt of heparin

Analysis and proof of the structure of heparin deriv-
atives is a difficult task due to the heterogeneous molecular
structure and large molecular weight. Scientists use the 'H
NMR spectroscopy method, which is the most common and
very informative, to analyze the structures of the glycosami-
noglycan family, which includes Enoxaparin and its inter-
mediates [22, 23]. So, for extended control, it was decided to
analyze the obtained intermediates by this method.

heparin

The stage of obtaining the benzyl ester of heparin
is more complicated than the previous one in view of the
type and number of reagents used for synthesis. We con-
ducted an assessment and selected the solvent with the
most environmentally friendly properties. Also, the pa-
rameter to be varied was selected and the developed
samples with holding times of 22, 25 and 28 hours were
analyzed according to the internal specification. The
analysis of the obtained intermediates was carried out
after the purification of the processed samples to obtain
correct results. According to the results of the analysis
according to procedures, the obtained samples meet the
requirements, which indicates the possibility of reducing
the reaction mass holding time without changing the
quality of the intermediate product (Table 3).

In addition, an analysis by the 'H NMR spectros-
copy method conducted by the Ronzoni Institute was
involved (Fig. 2, 3)

Special attention was paid to the ratio of heparin
and benzyl protons, which indicates the completeness of
the reaction. The molar ratio between heparin and the
benzyl group was determined by the integration of spe-
cific proton signals: the signal of the methyl group of the
acetyl fragment of heparin at 2.04 ppm (N-acetylglucos-
amine) and the proton signal at 3.23 ppm (N-sulfate-glu-
cosamine), integrated against the signal of aromatic of
benzyl protons at 7.7-7.2 ppm. According to the structure
of the molecule, we expect that 5 protons belong to the
integral of the benzyl group, 3 protons to the integral of
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CH, — the group of the acetyl fragment, and 1 proton to
H in the 2 position of N-sulfate-glucosamine.

Each integral value of the three spectra (Fig. 3) was
divided by the number of protons, and the resulting value
was used to calculate the heparin/benzyl ratio as follows:

+ANS integral /1

= heparin / benzyl ratio.

Acetyl integral / 3+
( v e J /(Benzyl integral / 5) =

According to the proton NMR spectrum, the sam-
ples obtained at different holding times show the same
heparin/benzyl ratio — 1.02—1.03. Since the indicators of
the heparin/benzyl molar ratio are almost the same, this
indicates that there is no influence of the reaction mass
holding time in these ranges on the quality of the inter-
mediate. Thus, it can be argued that reducing the holding
time of the above-described stage to 22 hours allows
obtaining a intermediate product of appropriate quality
and reducing the production cycle, which corresponds to
the principles of green chemistry in energy saving.

5. 3. Purification of heparin benzyl ester

We managed to significantly reduce the E-factor
by regenerating the methanol obtained at the stage of
purification of the benzyl ester of heparin. The regenera-
tion yield was 70 %, which made it possible to reduce the
E-factor from 131.4 to 68.4.

Study limitations. The limitation is that a larger
variation of the parameters can negatively affect the charac-
teristics of the Enoxaparin sodium substance. Also, increas-
ing the variation of technological parameters during the
development of synthesis technology usually requires addi-
tional resources in terms of personnel, materials, and time.

Prospects for further research. It is planned to in-
vestigate and optimize the method of purification of crude
Enoxaparin sodium from the point of view of composition
and principles of green chemistry.

6. Conclusions

As a result of the conducted experiments, the opti-
mal technological parameters for the synthesis of Enoxa-
parin sodium intermediates were established from the

point of view of the quality of the final product and the
principles of green chemistry. Since the final goal of the
research was the synthesis of Enoxaparin sodium, equiv-
alent to the original Clexane® and Lovenox®, it was es-
tablished that changing the selected parameter, namely
the time of reaction mass holding in the above-described
ranges during the synthesis of intermediate products,
does not affect the quality and composition of the Enox-
aparin molecule, therefore we chose the parameters that
contribute to the greening of the technique.

Thus, the reaction mass holding time at the stage
of heparin benzethonium salt formation was reduced
from 6 to 4 hours, which made it possible to shorten the
production cycle. At the stage of formation of heparin
benzyl ester, without changing the quality of the interme-
diate product, the reaction mass holding time was re-
duced from 25 to 22 hours, which also reduced the pro-
duction cycle and energy costs. Methanol regeneration
was successfully implemented at the stage of heparin
benzyl ester purification, thanks to which it was possible
to reduce the E-factor from 131.4 to 96.4.
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