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INTRODUCTION

The relevance of the field of research and the degree of its development.
Acetylene is a large-scale organic synthesis reagent. In the last century, many tech-
nological processes were based on acetylene, which have now been replaced by
cheaper and safer processes based on ethylene, propylene and other hydrocarbon
raw materials. In the last few years, in connection with the transition of the world
community to sustainable chemistry and the circular economy, it has increasingly
been suggested that there will be a return to acetylene as a “building block”, which
can be obtained from renewable raw materials - coal.

Nucleophilic addition reactions to acetylene are a well-studied tool for intro-
ducing a vinyl group into the molecules of many nucleophiles. Often, these reactions
are used to obtain a variety of monomers, but there are also works in which, using
these reactions, the carbon chain is complicated, heterocyclic compounds and other
compounds are obtained that were previously impossible to obtain in one step. De-
spite the large number of works devoted to the reactions of nucleophilic addition to
acetylene, gaseous acetylene has significant disadvantages, such as explosion haz-
ard, flammability, the use of special expensive equipment for working under pres-
sure, difficulties in storage and transportation. All these disadvantages significantly
limit the use of acetylene and make its use unsafe.

Calcium carbide is a convenient, safe and affordable source of acetylene. Cur-
rently, of particular interest is carrying out reactions with acetylene through the gen-
eration of acetylene directly during the reaction (in situ) from calcium carbide and
water. This approach makes it possible to reduce the pressure in the system due to
the slow hydrolysis of calcium carbide, the solubility of the resulting acetylene and
its consumption during the reaction. However, at the same time, the formation of
calcium hydroxide during hydrolysis, as well as changes in other reaction parame-
ters, can affect the course of the process, which requires additional optimization of
the conditions and study of reaction mechanisms. The possibility of introducing la-

bels of deuterium and carbon-13 through varying the conditions of hydrolysis of
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calcium carbide, as well as easy dosing of the resulting acetylene, makes it possible
to selectively modify the resulting product, which provides great advantages for car-
rying out reactions with in situ generation of acetylene compared to the direct use of
acetylene gas.

Currently, many nucleophilic addition reactions have been carried out with in
situ generation of acetylene from calcium carbide, including with O-, S-, N-nucleo-
philes to obtain the corresponding vinyl derivatives. However, to date, the use of this
reaction has been limited exclusively to the production of monomers for the purpose
of further polymerization.

The purpose and tasks of the thesis. The aim of this work was to expand the
areas of application of the nucleophilic addition reaction to acetylene generated in
situ from calcium carbide, by the example of reactions with phosphine oxides and
alcohols.

To achieve this goal, the following tasks were solved:

1. Development and optimization of a method for producing deuterium-la-
beled and unlabeled 1,2-bis(phosphine oxide)ethanes from phosphine oxides and
calcium carbide.

2. Synthesis of phosphine ligands from the resulting phosphine oxides.

3. Synthesis of nickel and palladium complexes with the resulting ligands.

4. Development, optimization and scaling up of a method for producing deu-
terium-labeled and unlabeled acetaldehyde through a sequence of vinylation and
devinylation reactions of alcohols.

5. Synthesis of vinyl ethers of natural alcohols using calcium carbide and pro-
duction of polymers based on them.

6. Study of the physical and thermal properties of the resulting polymers.

7. Pyrolysis of the resulting polymers based on terpene alcohols and the use
of their decomposition products for the re-synthesis of polymers.

8. Using the resulting polymers to create a recyclable material for 3D printing.

The scientific novelty of the work lies in the development of new areas of

application of nucleophilic addition reactions to acetylene generated in situ from
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calcium carbide: synthesis of deuterium-labeled and unlabeled phosphine com-
pounds ligands, the cyclic method for producing acetaldehyde, as well as polymer
materials from renewable raw materials.

Theoretical and practical significance of the work:

1. Development of new approaches to the synthesis of phosphine ligands from
calcium carbide and phosphine oxides.

2. Development of new methods for obtaining deuterium-labeled phosphine
ligands using calcium carbide.

3. Development of a method for alcohols vinylation by calcium carbide with-
out a solvent.

4. Use of a variety of alcohols to synthesize acetaldehyde using a sequence of
vinylation-devinylation reactions.

5. Development of a method for producing polymers from renewable raw ma-
terials: natural alcohols and calcium carbide.

6. Study of the thermal properties of the resulting polymers.

7. Study of the pyrolysis products of the resulting polymers and the mecha-
nism of their formation.

8. Development of a method for processing the resulting polymers through
pyrolysis with recycling of the resulting alcohol.

9. Using the resulting recyclable polymers from renewable raw materials to
obtain material for 3D printing.

Structure and content of the thesis. The dissertation includes an introduc-
tion, literature review, discussion of results, experimental part and conclusion. The
introduction reveals the relevance of the research, characterizes the degree of scien-
tific development of the topic, defines the purpose and tasks of the work, and reveals
the theoretical and practical significance. In accordance with the purpose of the the-
sis, the first part of the literature review is devoted to nucleophilic addition reactions
to acetylene, the development of this reaction, the use of superbasic media and var-
ious nucleophiles used in this reaction. Due to the large number of disadvantages of

using acetylene gas, the second part of the literature review is devoted to the use of
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calcium carbide in reactions as in situ source of acetylene. This part discusses the
main differences between the use of calcium carbide and acetylene, and also presents
the development of the nucleophilic addition reaction to acetylene with in situ gen-
eration from calcium carbide. It has been shown that the scope of this reaction is
limited to the production of monomers for further polymerization.

The discussion of the results is divided into 3 main parts, each of which is
devoted to a separate new direction in the use of nucleophilic addition reactions to
acetylene generated in situ made of calcium carbide. The first part is devoted to the
preparation of the 1,2-bis(phosphine)ethane type structure ligands from calcium car-
bide and phosphine oxides. This part discusses the optimization of the conditions for
their preparation, the scope of the reaction, the preparation of deuterium-labeled lig-
ands, as well as their use for synthesis of complexes with metal salts. The second
part is devoted to the cyclic production of acetaldehyde from calcium carbide and
various alcohols using a sequence of vinylation-devinylation reactions. This part dis-
cusses the optimization of both components of the process, the production of deu-
tertum-labeled acetaldehyde, and the scaling of the reaction. The third part of the
discussion of the results is devoted to the production and processing of polymers
from renewable raw materials - natural alcohols and calcium carbide. In this part of
the work, the sequence of obtaining polymers, their thermal properties are consid-
ered, the products of pyrolysis of polymers are studied, and the possibility of re-
synthesizing polymers from pyrolysis products is shown. In conclusion, scaling of
vinylation and polymerization was carried out, and the possibility of using the re-
sulting polymers to produce material for 3D printing was shown.

The experimental part outlines the methods of conducting experiments on the
synthesis of substances, pyrolysis of polymers and the production of materials for
3D printing, as well as a description of the physical properties and spectral charac-
teristics of the compounds obtained during the work.

Methodology and research methods. To study the structure of the com-
pounds obtained during the work, modern physicochemical methods of analysis

were used: ' H, *C, *' P, 2H NMR spectroscopy, high-resolution mass spectrometry
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with electrospray ionization, gas chromatography-mass spectrometry (GC-MS) . For
some complexes of the obtained ligands with metals, the structure was additionally
confirmed using X-ray diffraction. Thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC) were used to study the thermal properties. Gel
permeation chromatography (GPC) was used to determine the molecular weight of
the polymers. Pyrolysis of polymers was carried out using a pyrolysis installation
with further detection of the resulting products by GC-MS.

Degree of reliability and approbation of the research. The provisions pre-
sented in the work for defense are scientifically substantiated and reliably confirmed
by experimental results. All physical and chemical measurements were carried out
using modern certified equipment in the Science Park of St. Petersburg State Uni-
versity (Magnetic Resonance Research Centre, Centre for X-ray Diffraction Studies,
Chemical Analysis and Materials Research Centre, Thermogravimetric and Calori-
metric Research Centre, Interdisciplinary Center for Nanotechnology, Center for In-
novative Technologies of Composite Nanomaterials).

The materials of the dissertation work were presented at the following confer-
ences: all-Russian scientific conference “Markovnikov Readings: Organic Chemis-
try from Markovnikov to the Present Day”, January 17-20, 2020, MSU Krasnovi-
dovo Boarding House (oral and poster presentation); all-Russian scientific confer-
ence “Markovnikov readings: organic chemistry from Markovnikov to the present
day”, October 8—11, 2021, Sochi (oral presentation); Scientific conference-school
“New horizons of catalysis and organic chemistry”, May 19-20, 2022, IOC, Moscow
(poster presentation); all-Russian scientific conference “Markovnikov readings: or-
ganic chemistry from Markovnikov to the present day”, September 16-21, 2022,
Loo, Sochi (oral report); The Sixth International Scientific Conference “Organic
Chemistry Inorganic and Coordination Chemistry Physical and Colloidal Chemis-
try”, September 26-30, 2022, Moscow (poster presentation); all-Russian conference
with international participation “Ideas and legacy of A.E. Favorsky in organic chem-

istry”, July 3-6, 2023, St. Petersburg (oral report).
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The work was carried out with the financial support of the Russian Science
Foundation 21-73-20003, as well as a mega-grant from SPbSU (Pure ID: 92285019).

Based on the dissertation materials, 4 articles were published in journals in-
dexed in the WoS and Scopus databases, as well as abstracts of 7 reports at national
and international scientific conferences and school conferences.

Articles published based on the results of the dissertation:
1. Lotsman, K.A. Atom-economical synthesis of 1,2-bis(phosphine
oxide)ethanes from calcium carbide with straightforward access to deuterium- and
13C-labeled bidentate phosphorus ligands and metal complexes /K.A. Lotsman, K_S.
Rodygin, 1. Skvortsova, A.M. Kutskaya, M.E. Minyaev, V.P. Ananikov // Org.
Chem. Front. — 2023. — Vol. 10. — No. 4. — P. 1022-1033.
2. Rodygin, K.S. Calcium Carbide Looping System for Acetaldehyde Manufac-
turing from Virtually any Carbon Source / K.S. Rodygin, K.A. Lotsman, V.P. Anani-
kov // ChemSusChem. — 2020. — Vol. 13. — No. 14. — P. 3679-3685.
3. Metlyaeva, S.A. Biomass- and calcium carbide-based recyclable polymers /
S.A. Metlyaeva, K.S. Rodygin, K.A. Lotsman, D.E. Samoylenko, V.P. Ananikov //
Green Chem. —2021. — Vol. 23. — No. 6. — P. 2487-2495.
4. Lotsman, K.A. Syntheisis of Divinyl Ether from 5-Hydroxymethylfurfural (5-
HMF) and Calcium Carbide / K.A. Lotsman, K.S. Rodygin // Russ. J. Gen. Chem. —
2022.-Vol. 92. —No. 11.—P. 2507-2510.

Main scientific results:

1. Lotsman, K.A. Atom-economical synthesis of 1,2-bis(phosphine
oxide)ethanes from calcium carbide with straightforward access to deuterium- and
13C-labeled bidentate phosphorus ligands and metal complexes /K.A. Lotsman, K.S.
Rodygin, 1. Skvortsova, A.M. Kutskaya, M.E. Minyaev, V.P. Ananikov // Org.
Chem. Front. —2023. — Vol. 10. — Ne 4. — P. 1022-1033.

A method has been developed for the synthesis of both labeled and unlabeled
deuterium phosphine ligands using the reaction of nucleophilic addition of phos-
phine oxides to acetylene generated in sifu from calcium carbide. It was shown that

the synthesized ligands can be used to obtain palladium and nickel complexes.
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The candidate carried out the optimization and synthesis of all ligands, both
labeled and unlabeled with deuterium, the starting phosphine oxides, the reduction
of the resulting 1,2-bis(phosphine oxide)ethanes, as well as the synthesis of com-
plexes with metals. The candidate independently analyzed all NMR and mass spec-
tra. The candidate interpreted the data obtained and prepared the initial draft of the
publication.

2. Rodygin, K.S. Calcium Carbide Looping System for Acetaldehyde Manufac-
turing from Virtually any Carbon Source / K.S. Rodygin, K.A. Lotsman, V.P. Anani-
kov // ChemSusChem. — 2020. — Vol. 13. — Ne 14. — P. 3679-3685.

A cyclic method for the production of acetaldehyde has been developed using
a sequence of reactions of vinylation of alcohols with the help of calcium carbide
and hydrolysis of the resulting vinyl ethers in an acidic medium with complete
recycling of products without the use of solvents.

The candidate optimized both stages of the acetaldehyde production process,
product capture methods, and scaled up hydrolysis. The candidate independently
analyzed all NMR spectra. The candidate carried out an interpretation of the data
obtained, as well as an analysis of literary sources. The candidate was directly
involved in writing the publication.

3. Metlyaeva, S.A. Biomass- and calcium carbide-based recyclable polymers /
S.A. Metlyaeva, K.S. Rodygin, K.A. Lotsman, D.E. Samoylenko, V.P. Ananikov //
Green Chem. —2021. — Vol. 23. — Ne 6. — P. 2487-2495.

A method has been developed for the synthesis and processing of polymers
from renewable raw materials: natural alcohols and calcium carbide. It has been
shown that the resulting polymers decompose during pyrolysis to the original alco-
hols and the corresponding carbonyl compounds, which can be used to regenerate
alcohol and re-produce polymers based on it.

The candidate carried out the synthesis of vinyl ethers and polymers together
with student S.A. Metlyaeva. The candidate analyzed all GC-MS data, identified the
main products of polymer pyrolysis and proposed mechanisms of their formation.

The candidate independently carried out pyrolysis of polymers in a quartz tube,
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analyzed the resulting products, restored the resulting reaction mixture, and used the
resulting alcohol to resynthesize polymers. The candidate investigated the thermo-
plastic properties of polymers. The candidate participated in writing the publication.

4. Lotsman, K.A. Syntheisis of Divinyl Ether from 5-Hydroxymethylfurfural (5-
HMF) and Calcium Carbide / K.A. Lotsman, K.S. Rodygin // Russ. J. Gen. Chem. —
2022.-Vol. 92. —Ne 11. - P. 2507-2510.

A method has been developed for the synthesis of 2,5-bis(hydroxymethyl)fu-
ran divinyl ether, obtained from renewable 5-(hydroxymethyl)furfural, using the nu-
cleophilic addition reaction of the corresponding alcohol to acetylene generated in
situ from calcium carbide. It was shown that the synthesized ether can be used to
obtain a cross-linked polymer.

The candidate carried out all synthetic procedures, including the synthesis of
2,5-di(hydroxymethyl)furan and its divinyl ether, as well as the preparation of a
cross-linked polymer. The candidate independently analyzed all the data received,
searched for literary sources and prepared the first draft of the publication.

Main findings of the dissertation to be defended:

1. Development of a method for the synthesis of 1,2-bis(phosphine) ethane
ligands through the reaction of nucleophilic addition of phosphine oxides to acety-
lene generated in situ from calcium carbide.

2. Development of a method for producing deuterium-labeled 1,2-bis(phos-
phine) ethane ligands.

3. Development of a cyclic method for the production of acetaldehyde through
a sequence of reactions of nucleophilic addition of alcohols to acetylene generated
in situ from calcium carbide, and hydrolysis of the resulting vinyl ether.

4. Development of a cyclic method for producing polymers from renewable
raw materials through the reaction of nucleophilic addition of natural alcohols to
acetylene generated in situ from calcium carbide.

5. Patterns of pyrolysis of the resulting polymers.

6. Creation of materials for 3D printing from synthesized polymers.
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CHAPTER 1. LITERATURE REVIEW

Acetylene is a large-scale industrial reagent. Due to its unsaturated structure,
this hydrocarbon was a key building block on which industry was founded in the
first half of the 20th century [1]. Later, many reactions involving acetylene were
replaced by cheaper technologies based on ethylene, propylene and other hydrocar-
bon feedstocks. However, currently, due to the transition to sustainable development
and a circular economy, it is increasingly suggested that there will be a reverse tran-
sition to acetylene as a key renewable raw material obtained from coal [2, 3] or me-
thane [4], which makes acetylene chemistry again in demand and relevant today.

A huge contribution to the development of acetylene chemistry was made by
such famous scientists as Kucherov M.G., Favorsky A.E., Reppe V.Yu., Shostakov-
sky M.F., as well as the current scientific supervisor of the Irkutsk Institute of Or-
ganic Chemistry, academician Trofimov B.A. Thanks to the works of these great
scientists, many reactions involving acetylene became famous. In general, the chem-
istry of acetylene can be divided into several main areas (Figure 1.1), among which
we can highlight the addition reactions of nucleophilic (nucleophilic addition reac-
tions) and electrophilic reagents (electrophilic addition reactions) to acetylene, ethi-
nylation reactions (introduction of an acetylene fragment), cycloaddition (prepara-
tion of aromatic and heterocyclic compounds), carbonylation (reactions with carbon
monoxide), condensation and polymerization (production of dimers, oligomers and

polymers of acetylene).

di-, oligo- and polymerization .
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Figure 1.1. Main directions of acetylene chemistry
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As can be seen from the Figure 1.1, the rich chemistry of acetylene allows one
to obtain a wide variety of important products of organic synthesis during various
transformations. In this dissertation research, we limited ourselves to the study and

application of only nucleophilic addition reactions to acetylene.

1.1. Nucleophilic addition reactions to acetylene

Nucleophilic addition reactions to acetylene are reactions in which a nucleo-
philic species, often generated by a base, is added to an acetylene molecule (Scheme
1.1). These reactions are called vinylation reactions due to the introduction of the

corresponding fragment into the molecule.

NuH
l base
_ C) NuH
HC=CH + Nu 4>H_Nu 4>H_Nu
H H H

Scheme 1.1. General mechanism of nucleophilic addition to acetylene

For most of the 20th century, nucleophilic addition reactions to acetylene were
carried out in the presence of alkalis, which was accompanied by the use of high
temperatures and pressure. An example is the work of Reppe V.Yu. and Favorsky
A.E. on the synthesis of vinyl ethers [5, 6]. Currently, superbasic media have been
used for nucleophilic addition reactions to acetylene, which has made it possible to

soften the reaction conditions [3, 7].

1.1.1. Superbasic medium

A superbase can be defined as a complex base consisting of a strong Breonsted
base and a Lewis base that can specifically bind an alkali metal cation, thereby ex-
posing an anion in a weakly anion-binding medium [8]. In general, this concept is
depicted in Scheme 1.2, which is essentially a mirror image of the concept of super-
acidity. The scientific group of B.A. Trofimov has been actively developing and

applying the concept of superbasicity since 1977 [9].
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® O S ®
M B + Y _ B [MY]

Bronsted base Lewis base superbase

M = Li, Na, K, Rb, Cs;

B = carbanion, H, OH, OR, NH5, NR;

Y = ethers (polyethers), amines (polyamines), NH3, cryptands, sulfoxides,
sulfones, amides, phosphine oxides, etc.

Scheme 1.2. Superbase concept

Carbanions, hydroxyl, alkoxides, and amines can act as superbase anions. And
the complex-forming ligands for the cation (ion pair separators) are usually electron-
donating dipolar aprotic solvents (DMSO, DMF and others), amines, ammonia, pol-
yethers and other compounds that can selectively bind metal cations. Systems with
a Hammett acidity function (H ) higher than 18.5 were classified as superbases [10].

The most accessible, studied and convenient is the superbasic KOH-DMSO
system. The upper limit of the basicity of such a system is set by the acidity of
DMSO (pKa = 35.1), while usually, if measures are not taken to remove water re-
leased during the formation of dimsilpotassium, then the acidity does not exceed 32
(on the H scale) (Scheme 1.3). When the water content in DMSO is reduced to
25%, the system enters the superbasicity region (H_> 20). A further decrease in the

water concentration in the system leads to increase in Hto 30—-32 (for 99% DMSO).

? Q
H3C” “CHs4 H;C” "CH, K

Scheme 1.3. Formation of dimsilpotassium in KOH-DMSO medium

An interesting feature of this system is its self-adjustment (maintaining basic-
ity at the same level due to water absorption). Since the concentration of dissolved
KOH in DMSO is low (about 0.04 mol/L), the medium is a heterogeneous system
with a solid alkali. Therefore, as water is released during the reaction, the solid phase
can absorb excess water. Moreover, as the superbase is consumed in the reaction,
the KOH concentration can also be replenished from the solid phase. From this point
of view, the KOH-DMSO system resembles a phase-transfer catalytic system with

anion transfer [8].
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Superbasic systems are used to generate anions, including carbanions, and
carry out elimination reactions. With their help, it is possible to deprotonate even
thiophene and furan rings with subsequent splitting of the resulting carbanions to
acetylene derivatives [8]. With acetylene, superbasic medium are used both for nu-
cleophilic addition reactions to acetylene and for reactions of nucleophilic addition
of acetylene (ethynylation) and triple bond migration reactions [9, 11]. Using a su-
perbasic medium in nucleophilic addition reactions to acetylene, it was possible to
vinylate methanol at atmospheric pressure in the liquid phase, involve allyl alcohol
in the reaction, vinylate secondary acetylene alcohols, as well as chemo- and regi-
oselectively vinylylate oximes and amidoximes, which can act as C-, N- and O-nu-
cleophiles [7]. Many of these reactions were previously considered impossible or
went very poorly.

Recently, a new generation of superbasic systems CsF-MOH-DMSO (M = Li,
Na, K) has been developed. These systems showed higher vinylation activity ace-
toxime and polyhydric alcohols, which increased the yields of the corresponding
products by 20—-80% when the reaction temperature was reduced by 10 °C [10, 12].
The increased activity of these superbases is explained by the formation of CsOH,
which is more basic than KOH, due to a shift in equilibrium towards the formation

of poorly soluble fluorides (Scheme 1.4) [9].

CsF + MOH CsOH + MF

M = Li, Na, K

Scheme 1.4. Formation of CsOH in the CsF-MOH-DMSO system

Thus, carrying out reactions in superbasic medium allows one to significantly
soften the conditions for carrying out reactions of nucleophilic addition to acetylene.

Next, the most used nucleophiles in these reactions will be discussed.
1.1.2. Nucleophiles in addition reactions to acetylene
1.1.2.1. O-nucleophiles. Historically, the first type of nucleophiles, using

which nucleophilic addition reactions to acetylene were discovered, are O-nucleo-

philes, namely alcohols. This reaction was first discovered by A.E. Favorsky in
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1888, but acquired practical significance only in the late 30s of the 20th century,
mainly due to the systematic work of A.E. Favorsky’s student - M.F. Shostakovsky
and the emergence of demand for the products of this reactions [13]. Currently, the
reaction of alcohols with acetylene is a convenient and widespread method for the
synthesis of the corresponding vinyl ethers (Scheme 1.5). In industry, this method is
widely used to obtain valuable monomers, for example, butyl vinyl ether, from
which the world-famous antiseptic "Vinilin" (Shostakovsky balm) is obtained by

polymerization.

base
HC=CH + R-OH - rOF

Scheme 1.5. Preparation of vinyl ethers

A large variety of alcohols have been involved in nucleophilic addition reac-
tions with acetylene. The general reaction mechanism corresponds to the mechanism
presented in Scheme 1.1, where Nu = OR. The rate of vinylation depends on the
nature of the alcohol and for aliphatic alcohols it decreases greatly in the order pri-
mary > secondary > tertiary. Vinylation of aromatic alcohols requires more stringent
conditions: higher temperatures, more alkali and water. In this case, water prevents
the polymerization of the resulting vinyl ethers and increases the rate of vinylation
by increasing the amount of aryloxide ions [14].

The use of superbasic conditions in reactions with alcohols made it possible
to significantly soften the reaction conditions. For example, a comparison of reaction
conditions for the vinylation of methanol in the presence of KOH and in the super-
basic medium KOH -DMSO is presented in Scheme 1.6.

HC=CH + N, (55:45), KOH

| 160-165 °C, 20-22 atm | Yield 95%
Me—OH e O
| HC=CH , KOH-DMSO } Yield 100%

80-100 °C, 1 atm

Scheme 1.6. Comparison of methanol vinylation conditions in a superbasic

medium with conditions using KOH
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It can be noted that in a superbasic medium the product yield becomes quan-
titative, while the reaction temperature decreases by 60 °C and the pressure drops
from 20 to 1 atmosphere [11].

The use of superbasic systems made it possible to involve allylic alcohols,
which were previously considered unreactive, into the reaction. Depending on the
process conditions, different products are obtained (Scheme 1.7). When vinylation
allyl alcohol in a NaOH-NaOAc-DMSO medium and a pressure of 12 atmospheres,
the product is vinyl ether of allyl alcohol, which quickly isomerizes into Z-1-pro-
penyl vinyl ether. The latter product is also formed directly when the reaction is

carried out in the KOH-DMSO system at atmospheric pressure [3].

NaOH, NaOAc, DMSO

/\/OV/ 90%

60 °C, 12 atm

HC=CH + _~~_OH l
KOH, DMSO )
90 °C, 1 atm N O PP

Scheme 1.7. Reaction of acetylene with allyl alcohols

Superbasic conditions also allowed for vinylation of propargyl alcohols
(Scheme 1.8). In this case, depending on the substituent, the ratio of the products
(vinyl ether of acetylene alcohol and the product of prototropic isomerization)

changes, but the main one is the isomerization product [3, 15].

HC=CH + 1 KOH, DMSO . R . j\
) /\ OH 55-65 °C, 10-15 atm /\o/\ 707N
8-38% 62-92%

R = H, Me, Et, n-Pr, i-Pr, i-Bu

Scheme 1.8. Reaction of acetylene with propargyl alcohols

For a long time, it was difficult to obtain polyvinyl ethers of polyhydric alco-
hols due to their tendency to form internal acetals (Scheme 1.9) [11]. However, when
carrying out the reaction in superbasic medium, it was possible to obtain ethylene
glycol divinyl ether, as well as other polyvinyl ethers, including pentaerythritol [10]
and glucose [16] (Scheme 1.10).
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KOH o ONF b O — OYO

HC=CH + o ~OH —

KOH, DMSO o
Ao NONF

Scheme 1.9. Reaction of acetylene with ethylene glycol

OH 0
KOH-DMSO
HC=CH + HO OH - 70 SN
100 °C, 1 atm
o

HO
J
OH (0]

0 KOH-DMSO, MeOH o)
HC=CH + HO -~ Z>0
o 85-87 °C, 16 atm

o
OH OMe 0 <\ OMe

A\

Scheme 1.10. Reaction of acetylene with polyhydric alcohols

The production of vinyl ethers of tertiary alcohols requires special conditions
due to their lower reactivity compared to primary and secondary alcohols. For ex-
ample, for vinylation of tert-butyl alcohol, potassium tert-butoxide generated in situ

from potassium metal and tert-butyl alcohol (Scheme 1.11) [17].

Y
Ho=cH  + J< tert-BuOK J<
- HO 125 °C, 12 atm Z>0

50%

Scheme 1.11. Reaction of acetylene with tertiary alcohol

It is also known to obtain vinyl ethers of tertiary propargyl alcohols (Scheme
1.12). The yields in this reaction do not exceed 40% [18].

KOH, DMSO

HC=CH +
90 °C, 1 h, 14-25 atm
n=1,2 ~~  OH Z 07\,

Scheme 1.12. Reaction of acetylene with tertiary propargyl alcohols



19

In addition to various alcohols, water can act as an O-nucleophile in the nu-
cleophilic addition reaction to acetylene. In this case, instead of the expected ether,
other products are formed, united by the general name “hydration polymerization of

acetylene” (Scheme 1.13) [3].

_____________________________

n HCSCH + mH,0
KOH, DMSO

/\O/\(OV/ )\
. B
\/©\O/\ = 0" X

Scheme 1.13. Nucleophilic addition of water to acetylene

Other well-studied O-nucleophiles used in nucleophilic addition reactions to
acetylene are oximes (Scheme 1.14). It is noteworthy that when using ketoximes
containing at least one CH; group in the a-position to the oxime functional group,

pyrroles are formed as a reaction product (Trofimov reaction) (Scheme 1.15) [3].

R2 R2

N KOH, DMSO \

nesen T st\(/ “OH 80-110 °C R3J\(/ 0N
R’ R

R' = Alk, Ar, HetAr .

R2 R® = H. Alk 10-73%

Scheme 1.14. Reaction of acetylene with oximes

N R i N

hozen + RO oH KOH, DMSO j|\/\> . |N
R‘l N R1

: /

R1
Scheme 1.15. Preparation of pyrroles from acetylene and ketoximes

1.1.2.2. N-nucleophiles. Historically, the reaction of nucleophilic addition to
N-nucleophiles is associated with the works of Reppe V.Yu., in which N-vinyl de-
rivatives of indole and carbazole were obtained [19]. The methodology for vinyla-

tion of N-nucleophiles was similar to the preparation of vinyl ethers: the
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corresponding heterocycle and acetylene were heated in a closed vessel under pres-
sure in the presence of an alkali in a solvent (cycloalkanes or ethylene glycol). This
methodology was later improved by using superbasic medium. Currently, processes
have been developed for the production of important N-vinyl monomers - carbazole
and indole at atmospheric pressure (Scheme 1.16) [11, 20]. Polymers based on these

monomers are widely used to create fiber optic materials.

~ KOH, DMSO (a)
HC=CH  + . - N

90-95 °C, 1 atm
H \ 100%
- N 120 °C, 1 atm - N .
H \ 94%

Scheme 1.16. Modern methods for the preparation of N-vinyl derivatives of

carbazole (a) and indole (b)

A valuable industrial monomer is also N-vinylpyrrolidone, the polymer of
which is widely used in medicine. In 1943, a technique was developed for the vinyl-
ation of lactams, including pyrrolidone, which is still used today (Scheme 1.17) [14,
21]. In this method, the base was formed in situ from potassium metal or for N-

phenylacetamide, potassium ethoxide was used.

N
1 + 1
R K, KOE, L)ZO K R
HC=CH + A _R? A r?

o) N 100-150 °C, 15 atm 0~ °N

Scheme 1.17. Interaction of acetylene with lactams

To obtain N-vinyl derivatives of heterocyclic compounds, organocatalysis
with phosphines was also used (Scheme 1.18) [22]. The key advantage of this
method is the absence of high pressure in the system and the applicability of the

reaction to a wide range of heterocyclic compounds.

R! P(n-Bu)s (5 mol%), DMAA Ry, /

_ N—H .
Ho=CH =+ & 140 °C, 1.5 bar, 16 h R?

Scheme 1.18. Preparation of N-vinyl derivatives using phosphine catalysis
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Sodium hydride can be used as a base for vinylation of diarylamines (Scheme
1.19) [23]. The reaction is carried out at atmospheric pressure, but in the first stage

of the reaction hydrogen is released, which can pose a hazard during the reaction.
R X R X R X
T men, D) oo 00
_—m m m
R N R N 140-150 °C, 1atm R N
H Na \

Scheme 1.19. Reaction of acetylene with diarylamines

To carry out vinylation of uracil, slightly basic cadmium acetate was used
(Scheme 1.20) [24]. The reaction products are mono- and di-N-vinyl derivatives,
and the yield of the mixture reaches 43%.

o)
Cd(OAc),

o) o)
Ho=cH + ([ \H | I + fk/l/\
\ ko 200-240 °C N0 N0
H 2 e

Scheme 1.20. Vinylation of uracil

1.1.2.3. S-nucleophiles. The corresponding thiols are mainly used as S-nucle-
ophiles, and in this case S-vinyl derivatives are formed [14]. The mechanism is sim-
ilar to that presented in Scheme 1.1., where Nu = SR. Because sulfur is a stronger
nucleophile than oxygen and nitrogen, reaction conditions with acetylene are usually
milder than for O- and N-nucleophiles. However, it is worth considering that at tem-
peratures above 100 °C, the resulting S-vinyl derivatives are prone to tarring, so the
reaction is carried out at lower temperatures. Due to the high reactivity of S-nucleo-
philes, further addition of a thiol to the resulting S-vinyl derivative is possible
(Scheme 1.21). To reduce the amount of double addition product, excess acetylene
1s used, as well as solvents in which acetylene is highly soluble (for example, DMSO

and DMF) [25].

e ~ /S\
R H, KOH R H

HC=CH RSNF

.S _R
R O"s

Scheme 1.21. Addition of thiols to acetylene
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It was also assumed that the product of the double addition of a thiol to acet-
ylene is formed via a radical pathway due to the presence of air in the system. This
was confirmed by an experiment in which vinyl thioether was mixed in air with a
thiol, and the reaction proceeded with the formation of their addition product against
Markovnikov's rule [26]. Therefore, to reduce the amount of double addition prod-
uct, it is necessary to carry out the reaction in the absence of air in the system.

To synthesize vinyl thioethers in Shostakovsky’s works, the following process
conditions were used: temperature 70-90 °C, solvent — dioxane, pressure — 30 atm,
KOH as a base [25]. Under these conditions, the yields of vinylation products were
60-76%. Later, vinylation of thiols began to be carried out in an aqueous-alkaline

medium using a large excess of alkali (Scheme 1.22) [27].

O —
_S. KOH, H,O S @ HC=CH , H,O

. S~
ROH "5024°c.1n R K 100-120°C, 11 atm, 3-5 h R

90-95%

R = Alk, Ar

Scheme 1.22. Addition of metal thiolates to acetylene

Notably, the reaction between alkyl or aryl halides and thiourea can be used
to generate the thiolate anion [28]. In this case, the reaction mechanism (Scheme
1.23) includes in situ formation of isothiouronium salt. In an alkaline medium, this
salt breaks down into the corresponding thiolate anion and cyanamide. Next, inter-
action with acetylene occurs via the mechanism of nucleophilic addition. A wide

range of vinyl thioethers have been synthesized using this methodology.

R H
S I _
R—Hal + P S._NH-HHal NaOH /89 HC=CH g _Jg _HO S
H,N” “NH, -NaHal, - H,0, R 30atm R
NH2 - NH,CN H

Scheme 1.23. Use of thioureas and halides to generate the thiolate anion and

react with acetylene

Elemental sulfur, hydrogen sulfide, and potassium and sodium sulfides can
also act as S-nucleophiles in nucleophilic addition reactions to acetylene [14, 29,

30]. In all cases, the reaction leads to divinyl sulfide (Scheme 1.24) and proceeds
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through the formation of the corresponding sulfur-containing anion, after which two
acetylene molecules are sequentially added to the anion.

Sg, KOH, DMSO, H,0

H,S, KOH,DMSO

HC=CH ——— - T
Na,S, NaOH, DMSO, H,0 S
M = Na, K;
X =2-4 Mzsx, KOH, DMSO, Hzo

Scheme 1.24. Preparation of divinyl sulfide from acetylene

1.1.2.4. C-nucleophiles. Relatively newer (compared to the addition of O-, S-
, N-nucleophiles) are the reactions of addition of anions to acetylene with charge
localization on the carbon atom [7]. Ketones having hydrogen atoms in the a-posi-
tion to the carbonyl group can be used as C-nucleophiles [31]. The interaction of
such compounds with substituted acetylenes in a superbasic medium leads to the
formation of f,y-unsaturated ketones at elevated temperatures (Scheme 1.25) [32,
33].

2 2

R R
KOBu
HOBu @ :@ @ KOH
o} o K 0 @ K \

R = Ar, HetAr

Scheme 1.25. Interaction of substituted acetylenes with ketones at elevated

temperatures

It can be noted that this reaction occurs under the same conditions as the Fa-
vorsky reaction (formation of acetylene alcohols). However, unlike the Favorsky
reaction, the nucleophilic addition to acetylene is irreversible, therefore, with in-
creasing temperature, the product of the Favorsky reaction decomposes to the start-

ing compounds (retro-Favorsky reaction), which enter into the C-vinylation reaction

(Scheme 1.26) [32].
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Scheme 1.26. Reaction direction of acetylenes with ketones depending on

temperature

When carrying out this reaction with acetylene, the formation of products of
a more complex structure is observed. In the first, the product from two ketone and
two acetylene molecules was formed in a superbasic medium at a temperature of 60—
80 °C and an pressure of 12 atm (Scheme 1.27) [34]. Product yields were up to 84%.

R2

. . ~ MOH, DMSO
7‘) HC=CH 60-80 °C. 1 h

o)
R'=Ar, Hett R2=H,Ak; M=Na,K,Cs

Scheme 1.27. Reaction of acetylene with ketones in a superbasic medium

The authors of the work present the mechanism with Scheme 1.28. At the first
stage of this process, a carbanion, formed from the initial ketone under the influence

of a superbasic medium, is added to acetylene.

R2 o R? 2 2 \H/A\Rz

Rﬁ) S RY@ HO=CH. M0 RW [1,3Fhydride shift RW 0
e -OH O -oH®

0 o 0 o
R2 R2 RZ
1 1 R1
R _HezcH R o o
o 2 v OH) Z 5
o} R //o R R?
R R?

HO  R!

Scheme 1.28. Reaction mechanism

With methyl aryl ketones, in reaction with acetylene, a product of a different
structure is formed (Scheme 1.29), also consisting of two ketone molecules and two
acetylene molecules. The reaction begins with the nucleophilic addition of a carban-

ion, formed from a ketone, to acetylene. The reaction is carried out in a superbasic
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KOH-DMSO medium at a temperature of 70 °C with a large excess of acetylene
(12—14 atm). Product yields was 51-63% [35].

R

R ©

T
O G G g

o

R = Ar, HetAr

Scheme 1.29. Preparation of cyclopentenols from ketones and acetylene

Additionally, when ketones interact with acetylene, the formation of substi-
tuted furans is possible (Scheme 1.30) [36]. The reaction is carried out in a KOH-
DMSO medium at a temperature of 90 °C and a pressure of 10 atm for 15 minutes.
Product yields are up to 86%. The reaction mechanism is similar to the previous

ones, however, after the [1,3]-hydride shift, the acetylide anion is added.

R2 o R2

OH H,O
W U e
I - H,0 d OH@

SR

Scheme 1.30. Preparation of furans from acetylene and ketones

An example in which another C-nucleophile is used instead of a ketone is the
synthesis of pyridine from acetylene and acetonitrile under superbasic conditions
[37]. According to the mechanism presented by the authors of the article, one of the

stages is the nucleophilic addition of a C-nucleophile to acetylene (Scheme 1.31).

KOH

©
® O CH4CN S) \NH _HC=CH_ H rLNH
o K CH,CN — L ,(ﬁ___K__|N|

CH3CN

---K

|| “'--K—®|| @N“ N® \N NH,

Scheme 1.31. Reaction of acetonitrile with acetylene
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1.1.2.5. Other nucleophiles. In addition to the main O-, S-, N- and C-nucle-
ophiles, to which many studies of reactions with acetylene are devoted, there are rare
examples of addition reactions with other nucleophiles. Examples of such reactions
can be the interaction under superbasic conditions of acetylene with elemental sele-
nium and tellurium (Scheme 1.32) [38]. These reactions proceed in a similar way
with elemental sulfur and lead to the formation of the corresponding divinyl deriva-
tive. The yield of the product with selenium is 60%, and with tellurium - 100%. In
these reactions, the role of the superbase is not limited to catalysis; it also acts as a

reagent and participates in the redox disproportionation of selenium and tellurium.

X, KOH, HMPA, H,O
105-115 °C, 14-16 atm

HC=CH

N
X =Se, Te
Scheme 1.32. Interaction of acetylene with elemental selenium and tellurium

under superbasic conditions

Elemental phosphorus (red and white) can also act as a nucleophile, since the
P-P bond is easily cleaved under the influence of superbasic conditions to form phos-
phides and phosphinite anions, which can then attach to electrophiles (Scheme 1.33,
a) [9]. This reaction is well known for substituted acetylenes and proceeds with the
formation of the corresponding trivinyl derivatives. However, with acetylene this

product is formed only in trace amounts (10%) (Scheme 1.33, b) [39].

S o
(P) (P) (P) P ©_r
“p—p OH :Pe HO—P<( ) OH O=P\( ) (@)
(P) P) (P) (P) (P)
P+ HC=CH KOH, HMPA, H,0 S )
" - 105-115 °C, 14-16 atm §

Scheme 1.33. Reaction of elemental phosphorus with acetylene in a super-

basic medium

Reactions with phosphine oxides and phosphines as P-nucleophiles for addi-
tion to acetylene are also known. It is noteworthy that the product of this reaction is
not a vinyl derivative, but the product of the double addition of the corresponding

nucleophile to acetylene (Scheme 1.34). This reaction was first carried out in the
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1980s under phase-transfer catalysis conditions, passing acetylene through the reac-
tion mixture [40]. Later, the addition reaction of phosphine oxides to acetylene was
repeated under different conditions: superbasic (KOH-DMSO) [41] and using tert -
BuOLi as a base in THF [42], in all cases the same double addition product of the

nucleophile was formed in high yield.

OX 0, R
 _R KOH-OMCO b~
P R\P/\/P\

HC=CH +  p:
H™ 'R R o R

Scheme 1.34. Reaction of acetylene with phosphine oxides

Thus, when considering the nucleophiles used in the addition reaction to acet-
ylene, the most studied reactions are O-, S-, N-vinylation, during which the corre-
sponding vinyl derivatives are formed. Recently, reactions with C-nucleophiles,
which are of interest from the point of view of self-organization of simple molecules
into complex structures, have attracted much attention. Notably, reactions with other
nucleophiles — elemental sulfur, selenium, tellurium and phosphorus lead to addition
products of several acetylene molecules. Reactions with phosphine oxides end with

the formation of the product of double addition of a nucleophile to acetylene.

1.2. Calcium carbide as in situ source of acetylene

Despite the active development of acetylene chemistry, the use of acetylene
gas 1s accompanied by significant disadvantages that significantly limit the scope of
its application (Figure 1.2) [43]. Among the main disadvantages are the risk of ex-
plosion, flammability, difficulties with storage and transportation, the use of special
expensive equipment for working under pressure, and, as a result, special safety pre-
cautions. Due to these disadvantages, many acetylene-based technologies were later
replaced by technologies using safer and more readily available resources. Also, a
big disadvantage of acetylene from the point of view of modern chemistry, aimed
towards sustainable development, is the non-renewability of the main raw materials
from which acetylene is obtained (petroleum). Due to these disadvantages of acety-
lene gas, interest has recently increased in the use of calcium carbide as in situ source

of acetylene.
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¥ Explosionhazard 3§ Flammability ¥ Transportation difficulties
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¥ unsafe ¥ Not environmentally friendly

Figure 1.2. Disadvantages of using acetylene gas

Calcium carbide is called “solid acetylene”, and unlike acetylene from a gas
cylinder, it is non-explosive, non-flammable, and can be worked with in laboratory
containers for working under low pressure [44]. Storage, transportation and work
with calcium carbide is not difficult and does not require special safety precautions.
Since calcium carbide is solid, it is easy to dose and an equimolar amount of acety-
lene generated in situ (that is, directly in the reaction mixture), without creating high
pressure. Due to the fact that calcium carbide can be obtained from almost any car-
bon source [45], including waste and biomass, it can be considered a renewable raw
material [46]. Thus, calcium carbide is a convenient, safe and environmentally
friendly source of acetylene, meeting modern requirements for “sustainable devel-
opment”.

It is worth noting that the use of calcium carbide in situ introduces its own
characteristics into the vinylation reaction, which are not present when using acety-
lene from a cylinder. Firstly, the release of acetylene during the hydrolysis of cal-
cium carbide in DMSO or DMF (solvents that readily dissolve both water and the
resulting acetylene) occurs slowly. This allows acetylene to react and be consumed
as it is formed, without thereby creating large pressures in the system [43]. Secondly,
during the hydrolysis of calcium carbide, calcium hydroxide is formed, which is also
a base and can contribute to the reaction. Thirdly, it was shown that the addition of
potassium fluoride can affect the yield of the resulting vinyl ether, which may be
due both to the direct participation of the fluoride anion in the vinylation mechanism,

and to the etching and renewal of the calcium hydroxide surface covering the during
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the reaction, still unreacted calcium carbide [47]. All these features allow us to con-
clude that reactions using calcium carbide with the generation of acetylene in situ
are different from those that use acetylene from a cylinder, and therefore require
separate optimization of conditions and study of reaction mechanisms and products.

In addition to the mentioned features, reactions with calcium carbide have
greater flexibility in terms of modification of the resulting products. Thus, the use
of D0, instead of H,O during the hydrolysis of calcium carbide allows the genera-
tion of acetylene-d,, which can undergo further transformations, retaining the deu-
terium mark. In addition, the use of '*C-calcium carbide allows the introduction of
a 13C label through the generation of '3C,-acetylene. And the use of a combined ap-
proach (D,0 and '*C-calcium carbide) opens up access to the production of *C,-
acetylene-d, and corresponding compounds containing both labels at once. Each of
these approaches has been actively studied by our research group recently [48-53].
Another possibility of flexible modification using calcium carbide can be achieved
due to the ability to dose the desired amount of acetylene during the reaction. Using
this feature, it is possible to introduce the required number of vinyl groups into a
molecule with several reaction centers [47].

Therefore, the use of calcium carbide as in situ source of acetylene opens up
great opportunities, both from a safety and environmental point of view, and from

the point of view of product modification.

1.2.1. Reactions of nucleophilic addition to acetylene generated in situ
from calcium carbide

Our laboratory is actively studying reactions with calcium carbide. For the
nucleophilic addition reaction under superbasic conditions, methods have been de-
veloped for the vinylation of thiols [54, 55], amines [56] and alcohols [47], including
carbohydrates [57] and natural alcohols [58, 59], as well as disulfides and diseleni-
des [60], using in situ generation of acetylene from calcium carbide. The general
approach to vinylation of the corresponding O-, S-, N-nucleophiles is shown in
Scheme 1.35. In all cases, the yields of the corresponding vinyl derivatives are quite

high (up to 99%).
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RN 37-89%

KOH, KF, DMSO
RoNH T 130 °C, 4 h
RSH ROH
RS X HC=CH - ROTX
KOH, DMF KOH, KF, DMSO
72-99%  100°C. 3 h 130 °C, 3 h 25-98%
’ T in situ

Scheme 1.35. Methods for obtaining vinyl derivatives from O-, S-, N-nucle-

ophiles and calcium carbide, developed by our scientific group

Other scientific groups are also actively developing the use of calcium carbide
[61, 62]. For nucleophilic addition reactions to acetylene generated in situ from cal-
cium carbide, methods have been developed for the vinylation of alcohols [63], in-
cluding aromatic [64] and polyhydric [65]. In these reactions, Cs,COs is often used
as a base. Also, using calcium carbide, a method for vinylation of methanol in water
has been developed [66]. An interesting reaction 1s vinylation epoxides and aryl
ethers, accompanied by cleavage of the C-C bond [67]. Methods for the vinylation
of primary aromatic amides [68] and sulfonamides have been developed in the reac-
tions of calcium carbide with N-nucleophiles [69].

Calcium carbide has also been used to produce deuterium [50], carbon-13 [51]
or doubly labeled (deuterium and carbon-13) [53] vinyl derivatives (Scheme 1.36).
To introduce the deuterium label, the reaction is carried out in DMSO-ds and D,O is
used instead of H,O to hydrolyze calcium carbide. In this case, the degree of deuter-
ium inclusion (DI) is usually 95-99%. Since the reaction is carried out in the basic
medium, labile protons, including those in the initial nucleophiles (at the O-H, S-H
and N-H bonds), are also replaced by deuterium. To introduce the '*C-label, calcium
carbide is synthesized separately in a tube furnace from carbon-13 and calcium at
1100 °C, and then a further vinylation reaction is carried out with the resulting cal-

cium carbide-"3C,.
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>
13C/

7,
1337
°C

in situ D
1100 °C, 1 h l
BuOK, DMSO-d, X P
tert-BuOK, -dg . 13
R/X\H + ca'®c, + DO R \13?20\D
D

X=0,8,N
Scheme 1.36. Introduction of deuterium or carbon-13 ladels by calcium car-

bide (using the example of introducing both tags simultaneously)

Therefore, the use of calcium carbide as in situ source of acetylene in nucleo-
philic addition reactions allows one to safely obtain the corresponding O-, S-, N-
vinyl derivatives with a controlled amount of vinyl groups, and also, if necessary,

introduce deuterium and carbon-13 labels.

1. 2.2. Application areas of nucleophilic addition reactions to acetylene
generated in situ from calcium carbide

Currently, most reactions of nucleophilic addition to acetylene from calcium
carbide are used to obtain monomers for the further synthesis of polymers of both
linear and network structure [70]. For vinyl ethers, cationic polymerization is usually
used, for S-vinyl derivatives, radical polymerization is used, and for N-vinyl deriv-
atives, both polymerization mechanisms are realized. Our scientific group has de-
veloped methods for the polymerization of the resulting O-, S-, N-vinyl derivatives

[56, 57] (Scheme 1.37), including those labeled with carbon-13 [51] and D [50].
RS X

AIBN n
n ~ RS
RoN BF;3-O(C,H RN Toluene
3°0(C2Hs)2 2 70°C. 48 h
Toluene RO X n
e -40°C, 24 h RN

Scheme 1.37. The main methods of polymerization of O-, S-, N-vinyl deriv-

atives (on the left - cationic polymerization, on the right - radical)

In addition to the synthesis of polymers, vinylation reactions with calcium
carbide can be used to introduce a protecting group that is stable under basic condi-

tions and can be easily removed by acid hydrolysis [71] (Scheme 1.38).
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a protecting group introduction

CaC,, H,O
_X. 2 112 _
RTH = - RN
H*, H,O
X=0,S,N a protecting group removing

Scheme 1.38. Using the reaction of nucleophilic addition to acetylene

through calcium carbide to introduce a protecting group

Thus, the use of nucleophilic addition reactions to acetylene generated in situ
from calcium carbide, is currently limited to the production of polymers and the use

of a protecting (vinyl) group for the introduction.

1.3. Conclusion from the literature review

An analysis of the literature showed that the chemistry of acetylene, discov-
ered and widely studied back in the last century, is now again experiencing its re-
naissance (Figure 1.3). The use of superbasic medium allowed many reactions with
acetylene to be carried out under much milder conditions. And the use of calcium
carbide as in situ source of acetylene has opened up great opportunities both from a
safety point of view and from the point of view of the development of chemical
technology in the “sustainable development” paradigm. Due to the peculiarities of
the formation of acetylene generated in situ from calcium carbide, these reactions
may differ significantly from reactions carried out with acetylene gas. Therefore,
this area requires separate study, both from the standpoint of optimizing conditions

and using existing syntheses, and from the standpoint of reaction mechanisms.

Time
1936 Using acetylene gas 1977 Using superbasic 2013 Using CaC, for in situ
under pressure medium generation of acetylene

Figure 1.3. Cyclical development of nucleophilic addition reactions to acety-

lene
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Nucleophilic addition reactions to acetylene in a superbasic environment are
a widely studied method for the preparation of various vinyl derivatives. Many of
these reactions have now been successfully transferred to calcium carbide. However,
to date, the scope of application of such reactions is limited to the production of
monomers for further polymerization. Therefore, the goal of this work was to expand
the areas of application of nucleophilic addition reactions to acetylene from calcium

carbide.
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CHAPTER 2. RESULTS AND DISCUSSION

2.1. Selection of research objects

To expand the scope of applicability of nucleophilic addition reactions to acet-
ylene generated in situ from calcium carbide, 3 main directions were chosen: the use
of the reaction with phosphine oxides for the synthesis of phosphorus ligands (1);
the use of reactions with alcohols for the cyclic production of acetaldehyde (2) and
polymer materials from renewable raw materials (3). In accordance with each area
of use, this section of the dissertation research is divided into corresponding sub-
chapters (2.2-2.4).

Calcium carbide was chosen as a source of acetylene because it is a cheap,
accessible and safe reagent. In addition, unlike explosive acetylene gas, calcium car-
bide is easy to dose and there is no need for specialized laboratory equipment (auto-
claves) since most laboratory techniques can be carried out in low-pressure labora-
tory vessels. By varying the hydrolysis conditions of calcium carbide, it is possible
to introduce deuterium or carbon-13 labels into the product molecule, which can be
useful in the preparation of substances used to study reaction mechanisms or in the
synthesis of drugs. Additionally, calcium carbide can be produced from many carbon
sources, including waste, making it renewable. Since the topic of renewability is one
of the key topics in some sections of this work, the choice of calcium carbide instead
of acetylene was important.

In subchapter 2.2. the addition of phosphine oxides to acetylene from calcium
carbide is considered as a method for creating 1,2-bis(phosphine) ethane ligands and
complexes based on them. This reaction has not been studied for calcium carbide,
so it was chosen for the current study. Unlike other reactions of nucleophilic addition
to acetylene, the reaction with phosphine oxides proceeds with the formation not of
a vinyl derivative, but of a double addition product of a nucleophile. This feature
could potentially be exploited to produce widely sought-after phosphorus ligands.
Phosphine oxides are safer raw materials for the production of phosphine ligands

than phosphines themselves, so phosphine oxides were used in the reaction. In this
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work, available aromatic and aliphatic phosphine oxides, obtained using Grignard
reagents obtained from the corresponding bromides and diethyl phosphite or by ox-
idation of the corresponding phosphines, were used for addition to acetylene.

In subchapter 2.3. the use of the reaction of nucleophilic addition of alcohol
to acetylene generated from calcium carbide in the absence of a solvent to create a
cyclic method for the synthesis of acetaldehyde is shown. Acetaldehyde was chosen
as the object of study, since it is a large-scale organic synthesis reagent used to obtain
heterocyclic compounds, as well as other large-scale substances and materials.
Cheap and available alcohols of various structures, including di- and triatomic ones,
were chosen as alcohols for the vinylation reaction.

In the final subchapter 2.4. the reaction of the nucleophilic addition of natural
alcohols to acetylene generated from calcium carbide is used to create a cyclic
method for the production and processing of polymers from renewable raw materi-
als. Available terpene alcohols, alcohols used in the perfume industry, and the so-
called platform-compound 5-hydroxymethylfurfural (5-HMF) were selected as nat-

ural alcohols.

2.2. Obtaining phosphine ligands such as 1,2-bis(phosphine)ethanes from
phosphine oxides and calcium carbide

As shown in the literature review, most nucleophilic addition reactions to acet-
ylene occur in a superbasic medium to form the corresponding vinyl compounds (O-
, S-, or N-). These reactions have been well studied for both acetylene gas from a
cylinder (carried out in an autoclave) and calcium carbide (in situ generation of acet-
ylene). Other important nucleophiles are phosphine oxides. The interaction of acet-
ylene gas with phosphine oxides was previously studied by other scientific groups
[41, 42, 72, 73]. It is noteworthy that in all cases, instead of the formation of the
corresponding vinyl derivative, the product of the double addition of phosphine ox-
ide to acetylene is formed. It was suggested in [73] that double addition under su-
perbasic conditions may be due to the electron-withdrawing effect of the phosphine
oxide group, which facilitates the addition of the nucleophile. At the same time, it

was suggested that a radical mechanism for this reaction is possible [42]. However,
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carrying out the reaction in the presence of a radical trap (TEMPO) showed that the
reaction also proceeds with a high yield of the double addition product. Therefore,
the authors of the work came to the conclusion that the radical mechanism is not the

main one and proposed a mechanism based on nucleophilic addition (Scheme 2.1).

Ph, P thp/
/Pth
thp
0] - PPh
Il R 2
Phyp Ph,P— o
base T
thP\ <= Ph,P-OH
thpig
thP

Scheme 2.1. The mechanism of interaction of diphenylphosphine oxide

with alkynes, proposed in [42]

Since the methods for carrying out the reaction of acetylene generated in situ
from calcium carbide, with phosphine oxides is unknown, and potentially this reac-
tion may be the key to the synthesis of the corresponding phosphine oxides ligands,
one of the objectives of this research was to study the interaction of calcium carbide
with phosphine oxides and develop a method for obtaining phosphine ligands.

For comparison, ligands of a similar structure (such as 1,2-(bisphos-
phine)ethanes ) were previously obtained using the following methods (Scheme 2.2).
The approach 1 is electrochemical synthesis from the corresponding 1,2-di-
haloethane and (diorgano)phosphine chloride [74] or synthesis from the same rea-
gents and lithium [75]. Recently, method (approach 2) has been proposed, which
consists of reacting a Grignard reagent with the corresponding phosphine dichlorides
[76]. Phosphine ligands can also be prepared by the addition of phosphine to the
corresponding P-vinyl derivative (approach 3) [77]. The most used is approach 4,
based on the alkylation of phosphine with 1,2-dihaloethane in the presence of an
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alkali metal (often sodium or lithium) [78, 79], recently CsOH has been used instead
of the metal and the reaction has been carried out with R,PH [80, 81]. Also, as was
shown in the literature review, the reaction for producing phosphine compounds is
known ligands through the interaction of phosphines with acetylene (approach 5). In
approaches 3, 4 and 5, instead of phosphines, the corresponding phosphine oxides
are also used (arrows indicated by dotted lines in the Scheme) [42]. The desired
phosphine oxide can also be prepared by reacting ethylene glycol with phosphine
chloride via the Michael-Arbuzov rearrangement of the resulting intermediate (ap-
proach 6) [82]. Reduction of the resulting phosphine oxide also provides access to
1,2-bis(phosphine)ethanes (approach 7). It is worth noting that most of these reac-
tions are not addition reactions, that is, they are not atom-efficient, which leads to

the formation of a large amount of waste.

R.
‘HCECH + P ’
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R/P_CI + Ha|/\/ 1 )5/ ! R
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electrochemical synthesis \ R - O Rl 6 Ho/\/o + R/P Cl
or + Li R. P~ R. P | ——
=P R RO TR | T | viathe Michael-Arbuzov
2 4 ° rearrangement
A A
ol 3 > .

R, Hal
R/P_R(H) + M + Ha|/\/ a

‘R—MgBr + o> PCk

Rop—H + P~
R/ R/ \/

M = Na, Li or CsOH

Scheme 2.2. Known approaches to 1,2-bis(phosphine)ethanes preparation

The preparation of deuterium-labeled 1,2-bis(phosphine)ethanes is limited to
only one known preparation method (approach 4 of Scheme 2.2) [78]. In this
method, triphenylphosphine reacts with sodium and 1,2-dibromoethane-d,.

Thus, in the course of this chapter, the task was set to develop a universal
method for the preparation of phosphine ligands of the DPPE type, both labeled and

unlabeled with deuterium from calcium carbide and phosphine oxides.

2.2.1. Addition of phosphine oxides to acetylene generated in situ from
calcium carbide

To optimize the nucleophilic addition reaction to acetylene generated in situ

from calcium carbide, available diphenylphosphine oxide was selected (Table 2.1).
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As a starting point, we took the superbasic conditions previously used by our re-
search group to carry out vinylation reactions of alcohols using calcium carbide [47].

Table 2.1. Reaction optimization of phosphine oxide with calcium carbide *

2 : Z //O DMSO, base, H,0O R ©\O

P\ + 0302

H (0]
@ 1a © 2a

o : Conversion, ?
Entry Solvent Base T,°C | Time, h mol%
1 DMSO KOH, °KF ¢ 100 1 21
2 DMSO - 25 1 0
3 DMSO - 50 1 2
4 DMSO - 80 1 14
5 DMSO - 130 1 96
6 Toluene - 100 1 11
7 Chloroform - 100 1 3
8 Dioxane - 100 1 6
9 DMSO - 130 2 99
10 ¢ DMSO - 130 2 81
11 DMSO KOH ¢ 100 1 20
12 DMSO KF ¢ 100 1 60
13 DMSO tert-BuOK ¢ 100 1 20
14 DMSO KF ¢ 25 1 27
15 DMSO KF ¢ 25 16 100

“Reaction conditions: 64 mg (1 mmol) calcium carbide, 50 mg (0.25 mmol) diphenylphosphine
oxide, base, 0.5 ml solvent and 36 ul (2 mmol) water were placed in an 8 ml pressure tube. The
cap was screwed on and the reaction mixture was stirred at the temperature and time specified in
the table. * The conversion of phosphine oxide to the product is indicated, determined from the
ratio of the corresponding signals in the > P NMR spectra. ¢0.28 mmol. 0.3 mmol. ¢2 ml DMSO.

Carrying out the reaction under standard superbasic conditions resulted in
product 2a (entry 1), as in previous work by other scientific groups. It is noteworthy
that no P- or O-vinyl compound was detected during the reaction, even in trace
amounts. In an attempt to find the conditions under which the corresponding vinyl
compounds are formed, the temperature conditions of the process were varied in
DMSO (entries 2—-5) and other solvents were used (entries 6—8) without adding ba-
ses. No vinyl compound was detected, but it turned out that product 2a can be formed

without the use of additional bases in any of the tested solvents. Apparently, calcium
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hydroxide, formed during the hydrolysis of calcium carbide during the reaction, acts
as a base and its basicity is sufficient to promote the reaction with phosphine oxide
1a. The best conversion of compound 1a to 2a during the reaction for 1 hour was
achieved in DMSO at 130 °C (96%, entry 5). By increasing the reaction time to 2
hours, the conversion became 99% (entry 6). With an increase in the amount of sol-
vent by 4 times, the conversion dropped significantly (to 81%, entry 7).

Entries 11-13 showed that the highest conversion was achieved using potas-
sium fluoride (60%, entry 12). The use of this base made it possible to start the re-
action already at room temperature. Thus, in 1 hour, a conversion of 27% was
achieved (entry 13), and in 16 hours, complete conversion was achieved (entry 14).

Thus, it has been shown that the use of calcium carbide as in situ acetylene
source allows to react with diphenylphosphine oxide both without a base at 130 °C
(2 hours) and with potassium fluoride at room temperature (16 hours). In both cases,
a conversion more than 99% was observed.

To study this reaction with other phosphine oxides, a series of aliphatic and
aromatic phosphine oxides were synthesized (Scheme 2.3). The synthesis was car-
ried out by the interaction of Grignard reagents obtained from the corresponding
bromides and magnesium with diethyl phosphite according to the methods [83-85]
(for phosphine oxides 1b—1h) or by oxidation of the corresponding phosphines in
air according to the method [86] (for phosphine oxides 1i—1j).

2R-Br + Mg +

____________________

Scheme 2.3. Preparation of phosphine oxides 1b—1j



40

When transferring optimal conditions to other phosphine oxides, in particular
aliphatic phosphine oxide 1b (Scheme 2.4), it turned out that the reaction did not

proceed without a base.

/\/\/\//O HZO // /\/\/
P\H + CaC, /\/\/\P\/\P\/\/\/

. DMSO, 2 h, 130 °C Py

1b 2b

Scheme 2.4. Reaction between calcium carbide and phosphine oxide 1b

Varying the bases for this reaction showed that the best, as in the case of phos-
phine oxide 1a turned out to be potassium fluoride (98% conversion when the reac-
tion was carried out for 2 hours at 130 °C). Therefore, these are the conditions that

were applied when establishing the scope of the reaction (Scheme 2.5).

5 R. P caC KF R0 R ’/O\/\P’
P\ + Laby >~ P ~
H DMSO,2h,130°C R g R
1a -1j 2a-2j
© 67-98% 2
g o [ . 7
”/\/ﬁ /\/\/\B/\/ﬁV\/\/ /\/\,%/\/EW
/\/\) 92% /\) 2¢, 80%
2a, 98% °

\C' & @O/:E;O \QF’?/\/P”/O
FA R i

o 2, 97% 29, 83%
—0 ;
I
c')I? 4\ Oj< p
[ z o
o 2i, 69% @
o omsen 2j, 67%°

@ |solated yield; ? Obtained under the reaction conditions from the table 2.1 (entry 9);
° The reaction was carried out for 12 hours.

Scheme 2.5. Scope of the reaction
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As in the case of phosphine oxide 1a, the interaction of other phosphine oxides
(1b—1j) with calcium carbide did not lead to the formation of a vinyl compound.
Aliphatic phosphine oxides (1b—1d, 1i) reacted in high yields of 69-92%. It can be
noted that as the length of the carbon chain decreased and as it branched in the start-
ing phosphine oxide, the product yields decreased. In the case of aromatic substrates,
the highest yields were observed for unsubstituted 1a (98%) and meta-substituted
phosphine oxide 1f (97%). Moreover, all aromatic substrates reacted with a yield of
more than 73%. Reaction with phosphine oxide 1j, containing cyclohexyl substitu-
ents, was more difficult and a yield of 67% was achieved in 12 hours.

Thus, it is shown that the developed procedure can be used for the synthesis
of both aliphatic and aromatic 1,2- bis(phosphine oxide)ethanes. The corresponding
products were obtained in high isolated yields (67-98%). It has been established that
the reaction of diphenylphosphine oxide with calcium carbide occurs even in the

absence of an additional base.

2.2.2. Preparation of deuterium-labeled 1,2-bis(phosphine
oxide)ethanes

One of the advantages of using calcium carbide as a source of acetylene (in-
stead of using an acetylene gas) is the ability to introduce deuterium or '3C labels via
the use of different hydrolysis conditions. In this study, the task was to develop a
method for introducing a deuterium label into the resulting 1,2-bis(phosphine ox-
ide)ethanes.

To obtain deuterium-labeled ligands, several phosphine oxides were selected
and their interaction with acetylene-d, generated in situ from calcium carbide and
D,0 in DMSO-d;. Since reactions with acetylene-d, usually take longer, the reaction
was carried out for 5 hours (Scheme 2.6). The presence of a base, which converted
the phosphine oxide to the salt, ensured that further conditions (deuterated solvent
and water) led to a product containing 4 deuterium atoms in the ethane fragment.

For this reaction, the same patterns were observed as for the reaction for the
production of non-deuterated compounds. Thus, product 2a-dy, as in the case of non-

deuterated compound 2a, was formed quantitatively. The long chain substrate 1b
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reacted with acetylene-d, better than the shorter aliphatic chain substrate 1¢. Substi-
tuted aromatic phosphine oxides 1e and 1h reacted in the same yield of 74%. Product
2j-d,formed the slowest and in 15 hours the yield reached 42%. In general, the yields
of the deuterated products were slightly lower (42-90%) than the non-deuterated

ones, except for product 2a-d;.

in situ
I DD
RO ! KF, D,0 + CaC, RS R
2 pl + DC=CD - P ,F,’\R
R H DMSO-dg, 5 h, 130 °C Ry O
© 42-99% 2
©\ /O DD PCO\/\/ DD CO\/
/\/\/O\//p& \*/\/\/ /\/\,/P \*/\/
PN PSR
2a d4 99% 2b-d,, 90%, DI = 96% 2c-dy, 61%, DI = 97%
99% DI* = 95% o— DI* = 96%
//O
©\/ & O:P P:O P
* D D
*% O/
/O - 0
2e-dy, 74%, DI = 95% 2h-dy, 74%, DI = 93% 2j-dy,> 42%, DI = 99%
DI* = 96% DI* = 33 %, DI** = 3%

Blue asterisks indicate protons that were additionally replaced by deuterium during the reaction.
@ |solated yield; b The reaction was carried out for 15 hours.

Scheme 2.6. Preparation of 1,2-bis(phosphine oxide)ethanes-d,

For all products, the degree of deuterium incorporation (DI) was also deter-
mined (by the decrease in the signals of the corresponding protons in the 'H NMR
spectra). In general, for all compounds the DI for the ethane fragment was 93—-99%,
which indicates the almost complete inclusion of 4 deuterium atoms in this fragment.
Interestingly, when DMSO-ds was used as a solvent in the reaction, some labile pro-
tons in the product molecules were also replaced by deuterium (marked with blue
asterisks in Scheme 2.6). In some cases, such protons were replaced almost com-
pletely: in fact, in products 2b-dsand 2¢-d, contained 12 deuterium atoms, and 2e-dy
contained 16 deuterium atoms. Therefore, for these compounds, the notation 2b-d>,

2c¢-d;2 and 2e-dis was subsequently used. In the case of compound 2h-dy, only partial
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substitution of aromatic protons by deuterium was observed. The amount of deuter-
ium in these compounds was also confirmed by mass spectrometry data, and their
location by 2H NMR spectroscopy data.

To study the effect of deuteration conditions on the yield and DI of the result-
ing products, as well as to reduce the consumption of deuterium solvent (DMSO-
ds), deuteration conditions were optimized (Table 2.2).

Table 2.2. Optimization of deuteration conditions (by the example of obtain-
ing compound 2a-dy) ¢

Entry DMSO- ds, | 1,4-dioxane, T °C Time, | Conversion, DI,
ml ml ’ h mol% %

1 0.5 - 130 5 100 99
2 0.5 - 80 5 100 97
3 0.5 - 80 3 100 98
4 0.5 - 50 3 100 95
5 0.5° - 80 3 97 23
6 - 0.5 80 3 85 93
7 0.2 0.3 80 3 90 97
8 0.1 0.4 80 3 95 95
9 0.05 0.45 80 3 100 94
10 ¢ 0.05 0.45 80 3 88 92

“Reaction conditions: 64 mg (1 mmol) calcium carbide, (50 mg, 0.25 mmol) diphenylphosphine
oxide, 17 mg (0.3 mmol) potassium fluoride, DMSO-ds and/or 1,4-dioxane (columns 2 and 3) and
80 ul (4 mmol) D20 was placed in an 8 ml pressure tube. The tube was closed and the reaction
mixture was stirred at the time specified in the table. The resulting mixture was analyzed by 'H
NMR spectroscopy (conversion and DI (after product extraction)). > Non-deuterated DMSO.
“40 ul D2O.

Varying the reaction temperature and time (entries 1-4) using only DMSO-ds
as solvent showed that stirring at 80 °C for 3 hours was optimal. Under these condi-
tions, complete conversion was achieved and the DI was 98%. Further reduction of
temperature to 50 °C was not practical due to the marked decrease in DI (entry 4).
When the reaction was carried out in non-deuterated DMSO (entry 5), a strong de-
crease in DI was observed (up to 23%). To reduce the amount of DMSO-d;s used, a
recently discovered approach using 1,4-dioxane as a diluent for the deuteration re-
action was tried [87]. When using only 1,4-dioxane (entry 6), a decrease in conver-
sion was observed, but when adding DMSO-d; (entries 7-9), it increased. It is note-

worthy that as the amount of DMSO-ds decreased, the conversion increased and
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became quantitative, but at the same time, DI gradually began to decrease. The op-
timal ratio from the point of view of reducing the amount of DMSO-ds was 1:9
(DMSO-dsto 1,4-dioxane, respectively), that is, 50 ul of DMSO-ds was sufficient to
carry out the reaction (entry 9). It should be noted that D,O was taken in a twofold
excess (entries 1-9), since the stoichiometric amount of D,O resulted in lower con-
version and DI (entry 10).

These conditions were also used to obtain compounds 2b-d;; and 2e-djs, in

which the replacement of labile protons with deuterium was observed (Scheme 2.7).

in situ
' D D
RO v KF, D,0 + CaC, RS R
2 P+ DC=CD - P P\R
R H DMSO-dg,1,4-dioxane o b o
3h,80°C

2b-dy, 94%, DI = 94% 2e-d4, 93%, DI = 94%
DI* = 95%
Blue asterisks indicate protons that were additionally replaced by deuterium during the reaction

op @
S

Scheme 2.7. Use of optimal deuteration conditions for the synthesis of

compounds 2b-dand 2e-d;

It turned out that in the case of an aromatic compound, the conditions obtained
(Table 2.2, entry 9) were applicable, and the corresponding product was formed with
a yield 93% and a DI 94%. It is noteworthy that under these conditions only the
product 2e-d, was formed (instead of djs), that is, the labile protons of the methyl
groups in the ortho-position of the aromatic ring were not replaced by deuterium.
However, in the case of using an aliphatic substrate, more stringent conditions were
required and the deuterated product 2b-ds (DI 94%, yield 94%) was formed only
when the amount of DMSO-ds was increased to 0.2 ml (per 0.3 ml of 1,4-dioxane)
and carrying out the reaction at 130 °C for 5 hours. In the resulting product, labile
protons were also almost completely replaced by deuterium.

Thus, a procedure for the preparation of deuterated 1,2-bis(phosphine ox-

ide)ethanes was developed. The corresponding products were obtained both in
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DMSO-dswith a yield 42-99% and DI 93—-99%, and in a mixture of DMSO-ds with
1,4-dioxane. The amount of deuterium included in the product can be changed by
changing the ratio of deuterated to non-deuterated solvent. In the case of aromatic

phosphine oxides, 10% DMSO-dj is sufficient to carry out the reaction.

2.2.3. Preparation of 1,2-bis(phosphine)ethanes and their use as ligands

Often, phosphorus (III) compounds rather than phosphorus (V) compounds
are used as ligands for the preparation of complex used in catalysis and other fields.
An example of this is the compound closest to those obtained in this study — 1,2-
bis(diphenylphosphino)ethane (DPPE), which is actively used as a ligand in the syn-
thesis of palladium, nickel, cobalt and other complexes used as catalysts. Therefore,
in the final stage of this part of the study, some of the resulting 1,2-bis(phosphine
oxide)ethanes were reduced and used as ligands to obtain complexes with palladium

and nickel salts. For reduction, a modified method was used [88] (Scheme 2.8).
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Scheme 2.8. Preparation of 1,2-bis(phosphine)ethanes
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Regardless of the presence of deuterium in the starting phosphine oxide mol-
ecule, reduced products of similar structure were obtained with almost identical pre-
parative yields. In the case of compounds 3a and 3a-d,, the yield was 75%. However,
in the case of aliphatic substrates, the reaction time was increased to obtain the target
products (3b and 3b-d;2) with a yield 70%. In the case of substrates 3e, 3e-dsand 3e-
d1s, the conditions were also varied, and in 5 hours the yield for 3e-dswas 61%, and
when the reaction was carried out for 15 hours — 78% for 3e and 3e-dys. In all cases,
the deuterium label was retained and the DI was not changed. Thus, the reduction
technique for the resulting phosphine oxides was shown to work well for both deu-
tertum-labeled and non-deuterium-labeled substrates.

For compound 3a-dy, crystals were obtained and X-ray diffraction analysis
(XRD) was performed (Figure 2.1). The molecular structure of 3a-dy is isomorphic
to previously described polymorphic modifications 3a [89].

c14

Figure 2.1. Structure of compound 3a-d;

Complexes with synthesized ligands were obtained with nickel and palladium
salts. Thus, complexes with NiBr, were obtained according to the method [90] from
anhydrous NiBr,, and complexes with PdCl, were obtained according to the method

[91] from K,PdCls (Scheme 2.9).
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Scheme 2.9. Preparation of Ni (II) and Pd (II) complexes with synthesized
ligands

In all cases, ligands containing deuterium formed complexes with the same
structure as ligands without deuterium. The yields of the corresponding complexes
were approximately the same: for complexes 3a and 3a-d, with PdCl, — 87-89%, ¢
NiBr; — 80-83%, for 3e, 3e-dsand 3e-d;s c NiBr,— 89-96%. For complexes soluble
in chloroform (all except complexes with deuterated and non-deuterated ligand 3e)
it was shown that the deuterium label was maintained and the DI did not change
significantly. The structure of the resulting complexes, soluble in chloroform, was
confirmed by ' H and *! P NMR spectroscopy and mass spectrometry data. For com-
plexes PdCl:(3a-ds) (Figure 2.2), NiBr:(3a) and NiBr:(3a-d,) (Figure 2.3),
NiBr:(3e), NiBr2:(3e-ds) and NiBr2:(3e-dis) (Figure 2.4) crystals were obtained,
which were studied using X-ray diffraction. The structure of the rest of the resulting
fine-crystalline powders for each of the compounds fully corresponded to the struc-
tures established using X-ray diffraction, which was confirmed by X-ray diffraction

data.
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c27
Ci4

CI3

Figure 2.2. Structure of the PdCl2(3a-ds) complex

The structure of PdCl2(3a-ds)- CH,Cl, (Figure 2.2) is isostructural to the pre-
viously described non-deuterated structure of PdClz(3a)-CH,Cl, [92].

Figure 2.3. Structures of the NiBr2(3a) and NiBrz(3a-d,) complexes

The crystal structures of NiBr2(3a) and NiBr2(3a-ds) (Figure 2.3) are also
isostructural. Conformations of the NiBrz2(3a) complex (Figure 2.3, left) and the
PdCl:(3a-d,) complex (Figure 2.2) turned out to be very similar.
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Figure 2.4. Structures of NiBrz(3e) (a), NiBr2(3e-ds) (b) and NiBr2(3e-dis)

(c) complexes

The complexes NiBr2(3e), NiBr2(3e-ds) and NiBr2(3e-dis) (Figure 2.4) were
isostructural. These complexes crystallized as multidomain crystals of space group
P2, with two symmetrically nonequivalent molecules having similar conformations.

Thus, comparison of deuterated and non-deuterated complexes confirmed
their crystal structure. Using these complexes as an example, as well as ligands 3a
and 3a-d, it was shown that the introduction of deuterium into the ligand molecule
does not affect the structure and packaging of the resulting complexes in the crystal.

At the end of this subchapter, we can conclude that a universal method for the
synthesis of both deuterated and non-deuterated ligands, based on the reaction of
nucleophilic addition of phosphine oxides to acetylene generated in situ from cal-
cium carbide. Using the example of several obtained ligands, the possibility of syn-
thesizing complexes with the obtained ligands containing deuterium was shown. The
results obtained in this chapter were published in a peer-reviewed scientific journal

[93].
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2.3. Using the reaction of nucleophilic addition of alcohols to acetylene
from calcium carbide for the cyclic production of acetaldehyde

The next task of this study was to find the applicability of previously devel-
oped methods for vinylation of alcohols using calcium carbide to create cyclic pro-
cesses for the production of important large-scale substances. Acetaldehyde was
chosen as such a large-capacity compound. It is known that hydrolysis of vinyl ethers
under acidic conditions leads to the formation of alcohol and acetaldehyde in quan-
titative yield [94]. Therefore, the idea was to capture acetaldehyde and recycle the
alcohol and thus obtain a closed cycle for the production of acetaldehyde. For the
first time, the preparation of acetaldehyde using such a vinylation-devinylation se-
quence was proposed by V.Yu. Reppe [95]. Also, in the works of Soviet chemists
one can find references to the study of this process [13]. However, this sequence was
never widely used due to the use of explosive acetylene gas as the vinylation agent.

Alternative methods for producing acetaldehyde, used in different countries
(depending on the availability of raw materials), are ethylene oxidation (“Wacker
process”) [96, 97], direct hydration of acetylene [98-100], as well as oxidation [101-
106] and dehydrogenation [107-109] of ethanol (Scheme 2.10). Acetylene hydration
and the Wacker process require catalysis by heavy metals and are based on non-
renewable raw materials, which are significant disadvantages from the point of view
of the concept of the development of chemical technology in the “sustainable devel-
opment” paradigm. Ethanol, as well as another type of raw material, representing a
new actively developing direction, is lactic acid (decarbonylation reaction is used
for the synthesis of acetaldehyde [110-112]) - can be obtained from biomass and are
therefore considered renewable. However, this process requires a certain type of bi-
omass, the quantity of which may be limited in different countries. Ethanol-related
processes also use metal catalysis.

PdC|2, CUC|2, 02 catalyst, 02
H,C=CH, O P
)J\ OH

Hg?*, H,0 catalyst

Scheme 2.10. Main raw materials and methods for acetaldehyde production
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In this dissertation, the goal was to develop a scheme for producing acetalde-
hyde from calcium carbide without the use of solvents, with complete recycling of

alcohol and other substances used.

2.3.1. Vinylation

Standard methods for producing vinyl ethers typically use DMSO as a solvent
(to create superbasic medium). But in the case of waste-free production, it is not
suitable because of its partial decomposition under reaction conditions, which makes
its complete recycling impossible. Therefore, we investigated the possibility of car-
rying out the vinylation reaction without using a solvent.

Isobutyl alcohol (4a) was chosen as a model substrate because it and its vinyl
ether (5a) are cheap, commercially available reagents. The reaction (Scheme 2.11)

was carried out in a pressure reactor equipped with a pressure gauge.

KF, KOH, H,0
)\/OH vocal : )\/OM/
5a

150 °C
4a

Scheme 2.11. Vinylation of alcohol 4a

Reagents were loaded into the reactor in the quantities given in Table 2.3, in
the following sequence: calcium carbide, potassium fluoride, alkali, alcohol, water.
The reactor was tightly closed and the reaction mixture was stirred at a temperature
of 150 °C. The reaction mixture was then filtered and the yield of vinyl ether was
determined using '"HNMR spectroscopy (based on 85% CaC, (purity of calcium car-

bide taken, determined volumemetrically)). The yield was calculated by the formula:

_ ipe((Mmf—mn-74.12) + n-100.16)

-1009
N(ipe - 100.16 + iy, - 74.12) o

where i,.. —the value of the integral in the '"H NMR spectrum corresponding
to one IBVE proton; i, — value of the integral in the 'H NMR spectrum correspond-
ing to one isobutanol proton; n — the theoretical number of moles of IBVE (based on
the number of moles of acetylene released); m¢— the actual weight of alcohol taken
to carry out the reaction.
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Table 2.3. Vinylation reaction conditions and product yields

Entry | CaC,. g 4a, ml CaC, :I\I&I:)(lje :riait;o: KOH Time,h | n, wt%
1 2.5 3.6 1:3:0:03 4 0
2 2.5 3.6 1:3:045:0.3 4 3
3 5 7.2 1:2:2:0.5 4 35
4 5 7.2 1:2:0:0.5 4 16
5 5 7.2 1:2:1:0.5 4 26
6 5 7.2 1:2:1.5:0.5 4 38
7 5 7.2 1:3:1.5:0.5 4 31
8 5 7.2 1:15:1.5:05 4 42
9 5 12 1:15:1.5:0.5 4 19
10 5 7.2 1:15:1.5:0.5 6 63
11 5 7.2 1:15:15:0.5 10 74
12 5 7.2 1:15:15:0.5 13 79
13 5 7.2 1:15:15:05 15 70

When using 2.5 g of CaC,, the pressure in the system did not exceed 5 bar, and
for 5 g the pressure rose to 10—15 bar. It is likely that insufficient pressure is respon-
sible for the lower product yields in entries 1 and 2 compared to other entries. When
using the usual ratios of vinylation reagents (except for calcium carbide, which is
taken in a 1:1 ratio to alcohol) (entry 3), the calculated yield of vinyl ether was 35%.
Without the use of potassium fluoride, the yield decreased to 16% (entry 4), how-
ever, with a gradual increase in its loading to 1.5 mol KF per 1 mol CaC,, the yield
increased to 38% (entries 5 and 6). An excess of water reduced the yield to 31%
(entry 7), and a deficiency, on the contrary, increased it to 42% (entry 8). When
using excess alcohol, the yield decreased to 19% (entry 9). Varying the time showed
that the highest yield (79%) was achieved when the reaction was carried out for 13
hours (entries 10—13). Thus, the optimal conditions for vinylation were the molar
ratio of CaC,:H,O:KF:KOH equal to 1:1.5:1.5:0.5, reaction duration 13 hours at a
temperature of 150 °C.

For further hydrolysis, the reaction mixture after filtration was washed with
water to remove remaining inorganic substances and hydrolyze the resulting alco-
holate, and the aqueous layer was separated from the ether layer (containing vinyl

ether and the corresponding alcohol). The resulting vinyl ether is very volatile, so
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the inorganic precipitate was not further washed with other solvents, since this would
make it difficult to isolate the ether from these solvents (hexane or diethyl ether)
during evaporation. Due to this, a small amount of vinyl ether, which is insoluble in
water, remained on the sediment solids, which reduced the amount of ether released.
This problem did not arise with other alcohols whose vinyl ethers were not as vola-
tile. For example, when vinylation of octanol and decanol (Scheme 2.12).

KF, KOH, H,0

R-OH + cCaC, - ROF
4h,150 °C

R = n-C8H17, n-C10H21

Scheme 2.12. Vinylation of alcohols 4b and 4¢

Vinylation octanol (4b) and decanol (4c) were carried out according to the
optimal ratios found for vinylation of alcohol 4a for 4 hours at 150 °C. Since the
boiling points of the corresponding vinyl ethers and alcohols differ significantly
from the boiling point of hexane, the precipitate after filtration was washed with this
solvent and then with water to more completely isolate the vinyl ether. The organic
layer was dried with Na,SO, and the solvent was evaporated under reduced pressure.
Yields calculated using a formula similar to that used for 5a were 39% for vinyl
ether 5b and 33% for Sc, i.e., slightly lower than for vinyl ether 5a obtained under
the same conditions (42%).

Thus, a solvent-free vinylation procedure was developed, which was subse-

quently used in the vinylation-devinylation reaction sequence.

2.3.2. Devinylation

2.3.2.1. Determination of optimal hydrolysis conditions. The next step to-
wards the production of acetaldehyde was the optimization of the conditions for the
hydrolysis of vinyl ether. Commercially available vinyl ether 5a was chosen to carry
out the reaction. Hydrolysis was carried out in the absence of a solvent by mixing
the ether with a solution of sulfuric acid. At the first stage, the optimal time and

temperature of hydrolysis was determined (Table 2.4). The reaction was carried out
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by mixing vinyl ether with a 2% solution of H,SO, (a 4-fold excess of water relative
to vinyl ether was used).

As aresult of the analysis of the spectra, a product of the interaction of alcohol
with vinyl ether was observed. As it turned out, this product (acetal) was formed
under the reaction conditions, but was hydrolyzed in the same way as vinyl ether,
with the formation of acetaldehyde (Scheme 2.13). Therefore, for further calcula-
tions of the conversion of vinyl ether to alcohol, the acetal content in the spectrum
was recalculated to the content of vinyl ether and alcohol. In this regard, conversion
Sa was calculated using the following formula:

C alcy,
Conv = fymol. +100%,
C alcyymor + C Vinymor

C Vinoymor = C vinlyme + C acetaloy,mor

C alcyymor = C alcloyme + C acetaly,mo

vin alc
Cvinlyme = —2-100%, € alclymo = —2—-100%
total,, total,,,;
acetal
C acetaloymo; = — ™. 100%
total,,

where vin,oi, alcmor, acetal,and total,,,i1s the number of moles of vinyl ether,
alcohol, acetal and total, respectively, determined from the spectrum.

‘ H,0, H,SO, l
)\/OM/ ~ )\/OH —~ (o) ~ )\/OH

5a - ) 4a )/\ " Xp 4a
6

Scheme 2.13. Vinyl ether hydrolysis products 5a



Table 2.4. Optimization of conditions for hydrolysis of vinyl ether S5a

The reaction was carried out at 25 °C

Time, min 0 30 60 90 120 150 | 180 | 210 | 240 | 270 | 300 day
Vinyl ether, % 100 | 92 91 91 90 85 80 78 64 62 48 0
Acetaldehyde, % 0 3 3 3 2 4 5 5 10 10 16 20
Alcohol, % 0 4 9 11 14 18 23 24 26 43
Acetal, % 0 0 1 1 0 0 1 0 4 4 10 37
Vinyl ether when taking into account acetal, % | 100 | 92 92 92 90 85 81 78 68 65 58 37
Alcohol when taking into account acetal, % 0 4 7 7 9 11 15 18 27 28 36 80
Conversion, % 0 4 7 7 9 11 16 19 28 30 38 68
The reaction was carried out at 50 °C
Time, min 0 30 60 90 120 150 | 180 | 210 | 240 | 270 | 300 | 330 360
Vinyl ether, % 100 | &9 79 47 0 0 0 0 0 0 0 0 0
Acetaldehyde, % 0 4 8 19 36 29 30 26 25 27 22 23 24
Alcohol, % 0 5 10 13 48 56 56 57 57 58 61 61 62
Acetal, % 0 2 4 21 16 15 15 18 18 15 17 16 15
Vinyl ether when taking into account acetal, % | 100 | 91 82 69 16 15 15 18 18 15 17 16 15
Alcohol when taking into account acetal, % 0 8 13 34 64 71 71 74 75 73 78 77 76
Conversion, % 0 8 14 33 80 83 83 81 81 83 82 83 84
The reaction was carried out at 80 °C
Time, min 0 30 60 105 120 150 | 180 | 210 | 240 | 270 | 300 | 330 360
Vinyl ether, % 100 | 59 0 0 0 0 0 0 0 0 0 0 0
Acetaldehyde, % 0 10 23 12 11 11 8 7 6 6 5 6 5
Alcohol, % 0 14 59 74 77 80 82 8 86 88 89 91 92
Acetal, % 0 17 18 13 12 9 9 10 8 7 7 3 4
Vinyl ether when taking into account acetal, % | 100 | 76 18 13 12 9 9 10 8 7 7 3 4
Alcohol when taking into account acetal, % 0 31 77 88 89 90 92 93 94 94 95 94 95
Conversion, % 0 29 81 87 88 91 91 91 92 92 94 97 96

9



The reaction was carried out at 100 °C

Time, min 0 30 60 90 120 150 180 210 240

Vinyl ether, % 100 0 0 0 0 0 0 0 0

Acetaldehyde, % 0 25 5 1 1 0 0 0 0
Alcohol, % 0 34 93 97 98 99 100 100 100

Acetal, % 0 42 3 2 2 1 1 0 0

Vinyl ether when taking into account acetal, % 100 42 3 2 2 1 1 0 0
Alcohol when taking into account acetal, % 0 75 95 99 99 100 100 100 100
Conversion, % 0 64 98 98 99 99 100 100 100

9¢
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According to Table 2.4, as well as the graph of changes in conversion over
time at different temperatures (Figure 2.5), it is noticeable that the reaction took
place fastest at 100 °C (after 60 minutes the conversion quickly reached 97% and
then slowly rose to 100%). The temperature was found to be unsuitable due to the
boiling point of the original vinyl ether being above the boiling point (83 °C). And
as a consequence, it is impossible to simultaneously distill off the resulting acetal-

dehyde at a given temperature.

i 4 5 —25°C (1)
100 3 ——50°C(2)
—80 °C (3)
2 — 100 °C (4)
80
Optimal
L conditions (5)
5 60
p
[1)]
>
S 40
o
20
0+

5 1 E I = L] x L) ' ) e 1 ' T o 1) . ) e 1 5 1 d 1
0 50 100 150 200 250 300 350 400 450 500 550 600
Time, min

Figure 2.5. Change in the conversion of vinyl ether Sa over time during hy-

drolysis at different temperatures

At 80 °C, a sharp increase in conversion also occurred during the first hour
(up to 81%), then its level slowly increased to 96% (within 6 hours). At 50 °C the
reaction was even slower and a rapid increase in conversion was observed within 2
hours (up to 80%) and then increased slightly to 84% (over 6 hours). At room tem-
perature the reaction did not reach completion and after 24 hours the conversion was
68%. Based on these observations, it was decided to carry out the reaction for the
first hour at 80 °C, and then, when the reaction mixture contains mainly the corre-
sponding alcohol, increase the temperature to 100 °C until the reaction is complete.

The data obtained as a result of such an experiment are presented in Table 2.5 and
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Figure 2.5 (green line). It can be seen that complete conversion was achieved in a
total reaction time of 3.5 hours.

Table 2.5. Carrying out the vinylation reaction under optimal conditions (heat-
ing to 80 °C for an hour, then to 100 °C)

Time, min 0 30 60 | 90 | 120 | 150 | 180 | 210 | 240
Vinyl ether, % 100 | 74 0 0 0 0 0 0 0
Acetaldehyde, % 0 8 20 | 14 5 1 0 0 0

Alcohol, % 0 14 59 |75 89 98 99 100 | 100
Acetal, % 0 4 21 11 6 1 1 0 0

Vinyl ether when taking into
account acetal, %
Alcohol when taking into ac-
count acetal, %

Conversion, % 0 19 79 | 89 | %4 99 99 | 100 | 100

100 | 78 21 11 6 1 1 0 0

0 18 80 | 86 | 95 99 100 | 100 | 100

Having optimized the temperature and reaction time, the next parameter was
the acid concentration. To determine the best concentration, the reaction was carried
out at 80 °C for 2 hours with a Sa:water ratio of 1:4 (Table 2.6). An appropriate
sulfuric acid solution was used as a water source.

Table 2.6. Determining the optimal concentration of sulfuric acid solution

Acid concentra- | Content 5a including | Content 4a includ- Conversion
tion, wt% acetal, % ing acetal, % S5a, %
0.01 100 0 0

0.1 81 25 24
1 29 63 69
2 12 89 88
3 17 84 83
4 19 87 82
5 14 88 87

According to the table, when using highly dilute solutions of sulfuric acid
(0.01%), the reaction did not proceed (there were no signals of reaction products in
the spectrum after 4 hours). As the acid concentration increased, the conversion in-
creased and reached its maximum when using a 2% H>SO4 solution (88%). It can be
concluded that the optimal acid concentration for this reaction was 2wt%.

The optimal ratio of water to vinyl ether was determined at 100 °C using a 2%

sulfuric acid solution (Table 2.7). The reaction was carried out for 45 minutes.



59

Table 2.7. Determining the optimal ratio of ether to water

Ether:water ratio 1:1 1:2 1:4

Vinyl ether, % 0 1 0

Acetaldehyde, % 1 0 2

Alcohol, % 95 98 94

Acetal, % 4 1 4

Vinyl ether when taking into account acetal, % 2 2 2
Alcohol when taking into account acetal, % 97 98 96
Conversion, % 98 98 98

Based on the presented data, we can conclude that no matter what excess of
water is taken in relation to vinyl ether, the conversion practically did not change
and amounted to 98%.

Thus, the optimal hydrolysis conditions were found and used further: 2% sul-
furic acid solution, water to ether ratio 4 to 1, heating to 80 °C for 1 hour, then to
100 °C for 2.5 hours.

2.3.2.2. Acetaldehyde capture. As can be seen from these optimization ta-
bles, the acetaldehyde content in the mixture was very low, because during the reac-
tion the vinyl ether easily escaped from the reaction zone (bp. 20 °C). This may be
advantageous in terms of carrying out the hydrolysis reaction since the reaction is at
equilibrium, but complete capture of acetaldehyde, especially when carrying out the
reaction in small quantities, was difficult. Therefore, various acetaldehyde capture
methods were investigated by distilling acetaldehyde from the reaction system di-
rectly during the reaction, carried out at 80 °C for 2 hours. Depending on the tem-
perature and tightness of the system, different data were obtained.

When collected in a U-shaped tube cooled to -5 °C, 0.32 g of acetaldehyde
was obtained (purity 69 wt%). The yield in terms of pure product was 33%. Along
with acetaldehyde, alcohol and vinyl ether were captured, and the acetaldehyde con-
tent in the organic layer of the reaction mixture was 2%. An option was also tested
with the supply of argon through the system to completely remove acetaldehyde. In
this case, it was also captured in a U-shaped tube cooled to -5 °C. In this case, sig-

nificantly more product was obtained (0.88 g), but the purity was significantly lower
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(13wt%). The yield in terms of pure product was only 17%, since a lot of vinyl ether
evaporated along with acetaldehyde.

A 4-fold supply of vinyl ether to a 4-fold excess of a 2% sulfuric acid solution
was also tested. In this case, acetaldehyde was distilled into a test tube cooled
to -20 °C. As a result of the experiment, 3 ml (2.71 g) of acetaldehyde (purity
67wt%) was obtained. The yield in terms of pure product was 67%. The residual
content of acetaldehyde in the organic layer of the reaction mixture was 3%.

We also tried trapping acetaldehyde in a tube filled with water cooled in an
ice bath. In this case, the reaction was carried out by refluxing for 45 minutes at
100 °C, then replacing the reflux condenser with a stopper and distilling the contents
through a silicone hose into a tube with water. The aqueous layer was then analyzed
using ' H NMR spectrometry. It was discovered that the trapped acetaldehyde in the
water trimerized and formed paraldehyde. In addition, a small amount of alcohol
was distilled into water. The disadvantage of this procedure was that only a small
part of the acetaldehyde was captured.

Thus, it was shown that the most effective way to capture acetaldehyde was
by distillation into a tube cooled to -20 °C, with several feeds of vinyl ether Sa.

Continuing to work in this direction, we simulated continuous supply condi-
tions in order to evaluate the process dynamics and solve the problem of acetalde-
hyde accumulation in the reaction mixture. Several different temperature conditions
were tested and the best results are presented below. Hydrolysis was carried out by
adding 4 times 2 ml (15.4 mmol) of ether Sa to 1.2 ml of a 2% sulfuric acid solution.
When adding each portion, the reaction mixture was first stirred for 1.5 hours at
80 °C so that most of the vinyl ether reacted, then the reaction mixture was heated
to 100 °C to complete the reaction and remove all acetaldehyde. Acetaldehyde was
collected in a tube cooled to -20 °C. The amount of acetaldehyde released is pre-

sented on the graph (Figure 2.6).
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Figure 2.6. The release of acetaldehyde in dynamics (red dots mark the
places where heating to 100 °C began)

It is noticeable from the graph that in the first two feeds, acetaldehyde was
released almost continuously, and then active release was observed only when
heated to 100 °C and a new portion of the reagent was added. This indicates that
acetaldehyde accumulated in the reaction mixture until it was heated to 100 °C. This
assumption is also confirmed by analysis of the composition of the organic layer of
the reaction mixture. The graph of the concentration of acetaldehyde in the organic
layer of the reaction mixture (Figure 2.7) shows that with the addition of each new

portion, the acetaldehyde content decreased and reached 0% when the last portion

was added and heated to 100 °C.
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Figure 2.7. Dependence of the acetaldehyde content in the organic layer of

the reaction mixture on time and number of reagent feeds

After 4 feeds (full consumption of water), 2.3 ml of acetaldehyde was obtained
with a purity of 83 wt%, which corresponded to a yield of 56%. Since no acetalde-
hyde remained in the organic layer of the reaction mixture, and the vinyl ether con-
version was 93%, it is obvious that losses occurred when using a distillation system
of too large a volume and its not being completely sealed; this problem was solved
further at the scaling stage. By lowering the cooling temperature of the tube in which
acetaldehyde was captured, it was possible to increase the isolated yield to 74%.

2.3.2.3. Reaction mechanism. The mechanism of hydrolysis is widely dis-
cussed in the literature [94, 113-115]. To confirm this mechanism, hydrolysis was
carried out using D,O (Scheme 2.14). The resulting deuterated alcohol and acetal-
dehyde (Scheme 2.14, a) corresponded to those obtained earlier in the literature
when the reaction was carried out in an NMR tube in CDCl; using a ruthenium cat-
alyst[116]. It is worth noting that during the hydrolysis of vinyl ethers, the resulting
alcohol reacted with unreacted vinyl ether to form an acetal in an acidic medium
(Scheme 2.14, b). The resulting acetal also hydrolyzed under the reaction conditions
to form alcohol and acetaldehyde. The overall mechanism, based on the obtained

reactions a and b, is presented under the letter c.
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Scheme 2.14. Mechanism of vinyl ether hydrolysis

0, H"
)VO\/ * )VOH : )\/OH o7 (©)

The reaction with heavy water opened the way to the production of deuterated
alcohol and acetaldehyde. Acetaldehyde is a key building block in the preparation
of various compounds, including heterocycles, and the use of labeled acetaldehyde
provides great opportunities for the synthesis of labeled heterocycles used in the
creation of drugs [117]. Until now, acetaldehyde-2-d was obtained only by hydrol-
ysis in an NMR tube with CDCl3/D,0 using a ruthenium catalyst [116] and from a
vinyl ether [118], and deuterated alcohols were obtained by H/D exchange with a
large excess of D,O for three cycles [119, 120]. Using the method described in this
study makes it possible to simultaneously obtain two deuterated compounds, 6-d and

alcohol 4a-d, using simple hydrolysis of compound 5a.

2.3.3. General vinylation-devinylation sequence

2.3.3.1. Use of alcohol 4a in the vinylation-devinylation sequence. During
the hydrolysis reaction and during the vinylation reaction, no formation of reaction
by-products was observed, which allows complete recycling of the alcohol. In addi-
tion, it is not necessary to separate the vinyl ether from the alcohol after the vinyla-
tion. This mixture can be used immediately for hydrolysis. To confirm this hypoth-
esis, hydrolysis of the vinyl ether obtained under the conditions of entry 8 (Table
2.3) was carried out. The reaction was carried out under optimal hydrolysis condi-
tions for pure ether Sa.

The graph (Figure 2.8) shows that, as in the case of the hydrolysis of pure 5a,

the conversion (relative) increased sharply in the first 60 minutes, and then the
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growth slowed down, and after 3 hours the conversion reached 93% (the actual al-
cohol content in the reaction mixture after the reaction was 98%). Thus, we were
convinced that both reactions proceeded quite smoothly, and after hydrolysis, only

the resulting alcohol remained in the organic layer.

e

100 -
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Relative conversion, %

0 rr+rrtTr+r+rcraoorrrrrreyererr
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Time, min

Figure 2.8. Relative change in conversion Sa (the initial ratio of alcohol to

ether in the initial mixture is taken as 0%)

To close the cycle of acetaldehyde production, the organic part of the reaction
mixture remaining after hydrolysis was separated and vinylated with a new portion
of calcium carbide. Since the organic layer at the end of hydrolysis was the original
alcohol, the secondary vinylation was successful and resulted in a similar yield of
vinyl ether. We subsequently tested the ring closure of the entire vinylation-devinyl-
ation sequence in the same reaction mixture. The alcohol was vinylated under basic
conditions according to the developed procedure; the mixture was filtered, washed
with water and devinylated under acidic conditions, followed by distillation of acet-
aldehyde. The mixture was then used in a second round of the vinylation- devinyla-
tion sequence. The total amount of acetaldehyde collected sequentially was twice
that of a single cycle. Thus, the possibility of using alcohol 4a in the cyclic produc-

tion of acetaldehyde was demonstrated.
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2.3.3.2. Using different alcohols in sequence. In order to increase the alcohol
conversion and obtain more acetaldehyde, other alcohols were tried in the vinyla-
tion-devinylation reaction sequence (Table 2.8). A number of available alcohols of
different structures were chosen as substrates. The use of polyols to produce more
acetaldehyde from the same number of moles of alcohol has also been explored.

Table 2.8. Variation of alcohols in the sequence of vinylation reactions and
subsequent hydrolysis of the product ¢

_OH CaC,, H,0O, KF, KOH‘ o~ H,S0, (2 wt%) - _OH . (0]
R 150 °C, 13 h R s 80°C(1h) = 100°C(25h) ~, );\H
Vinylation Devinylation
Entry Alcohol . Relative conversion 5, Yield 6,
Conversion 4, wt% 0 0
wt% wt%
1 i-Butanol (4a) 79 100 79
2 n-Octanol (4b) 78 71 55
3 n-Decanol (4¢) 56 43 24
4 n-Butanol (4d) 61 85 52
5 i-Amyl alcohol (4e) 85 84 71
6 Menthol (4f) 11 100 11
7 Benzyl alcohol (4g) 35 100 35
8 Ethylene glycol (4h) -5 - 34
9 1,10-decanediol (4i) 68 89 61 (23 9)
10 Glycerol (4j) -5 - 16 ¢

@ Calculation of the conversion of alcohol in the vinylation and vinyl ether in the hydrolysis was
carried out by 'H NMR spectra, based on the theoretical ratio of alcohol to vinyl ether, taking into
account the excess of alcohol and acetals, converting mol% to wt%. The total yield of acetaldehyde
is indicated by multiplying the yields of each step. ® Analysis of the spectra is complicated by the
complex composition of products of similar structure (Scheme 2.13). “ Under the reaction condi-
tions, partial resinization occurred, so the conversion of vinyl ether to alcohol was not taken into
account for the yield of acetaldehyde. ¢ Isolated yield.

From the data in the table, it can be seen that in the absence of a solvent,
alcohols with an aliphatic structure (4a-4e, 4i), especially containing a branched
fragment (4a and 4e), were best vinylated. In the case of menthol, hydrolysis was
much worse, presumably due to the crystalline structure at room temperature (the
remaining compounds are liquids). In the case of benzyl alcohol (4g), low vinylation
conversion was also observed. Vinylation of ethylene glycol and glycerol led to a
mixture of products of complex composition (Scheme 2.15), which made it difficult

to determine the conversion using the method used for other compounds.
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Scheme 2.15. Vinylation products for 4h and 4j alcohols

Hydrolysis of the mixture obtained after vinylation occurred in most cases in
high yields, quantitatively for some compounds (entries 1, 6, 7). It was noted that
when using alcohols with a long aliphatic chain (entries 2 and 3), hydrolysis pro-
ceeded much worse, apparently due to poor mixing of the mixture with water. It is
worth noting that 4h and 4j, on the contrary, are highly soluble in water, which made
it difficult to separate them from the reaction mixture during vinylation and hydrol-
ysis. In addition, hydrolysis of mixtures obtained by vinylation of these alcohols
produced small amounts of resins, making it impossible to completely recycle them
and determine hydrolysis conversion in the manner used for other compounds.

Comparison of the total acetaldehyde yield based on the two steps showed that
the best substrate for the vinylation-devinylation reaction sequence was alcohol 4a
(acetaldehyde yield after two steps 79%), alcohol 4e (yield 71%) or 4i (yield 61%).

2.3.3.3. Scaling. Having a large vinylation reactor makes it possible to syn-
thesize large amounts of vinyl ether. However, in our laboratory we are limited to
using a 50 mL pressure reactor. Therefore, the scalability of the procedure was
shown only on the hydrolysis of the resulting vinyl ether. To do this, hydrolysis of
1 mol (100 g) of vinyl ether Sa was carried out according to the developed procedure
in a simple distillation unit shown in Figure 2.9. Larger loads greatly simplified the
isolation procedure and increased the amount of product collected. To further com-
plete the reaction, the acetaldehyde collected from the first preparation and contain-
ing unreacted vinyl ether was re-added to the aqueous layer and the reaction was

repeated. After the second cycle, 43 g (97%) of 6 with a purity of 99% were obtained.
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Given the absence of by-products, if necessary, the yield can be increased to quan-

titative levels under industrial conditions.

H,S04 (2 macc%)

o)
)VOV/ 80°C (14) == 100 °C (2.5 v) )J\H
6

5a -u3o-BuOH
L/ 1 wmonb (100T)

7
)G
\\\,

431 (97%)

Figure 2.9. Scheme of equipment for obtaining 6 on a 1 mol scale

Thus, by scaling up the hydrolysis of vinyl etper, it was possible to signifi-
cantly increase theisolated yield of acetaldehyde (97% in the gram procedure vs 67%
in optimization experiments).

2.3.3.4. General sequence including inorganic reagents. In the previous
parts, the vinylation and devinylation procedures were described in detail from the
point of view of alcohol recycling, and in general the sequence can be represented

as follows (Scheme 2.16).

l i-BuOH H,0
i-BUOH i-BUOCH=CH,
KOH, KF, H,0 Filtration i-BUOH - Distilation L
CaC, —— 2> - HaC—C
150 °C, 4 h \

!

_—
H
Hydrolysis
|
I
!
| H,SO4

Scheme 2.16. General procedure for cyclic production of acetaldehyde

Calcium carbide synthesis

According to the scheme, calcium carbide, alcohol, water, alkali and potas-
sium fluoride reacted in one reactor to form vinyl ether. The resulting mixture of

alcohol and vinyl ether, after filtering and washing from alkali, was hydrolyzed with
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water in the presence of sulfuric acid to form the original alcohol and acetaldehyde.
Acetaldehyde was distilled from the reactor during the reaction. A heterogeneous
mixture remained in the reactor, consisting of an aqueous solution of acid and pure
alcohol, which were separated and reused at the appropriate stages.

Inorganic reagents can theoretically also be recovered from the precipitate
formed during the vinylation step. According to the proposed Scheme 2.16, the res-
idue after filtration and washing with water consisted of two parts: a liquid aqueous
part containing alkali and the remains of unreacted potassium fluoride, and a solid
residue, insoluble in water, which is a mixture of calcium hydroxide and calcium
fluoride formed during the hydrolysis of carbide calcium [47]. The water can be
evaporated from the liquid part and the dry alkali and potassium fluoride can be used
again at the vinylation stage. The solid residue can be used for the synthesis of cal-
cium carbide and the regeneration of potassium fluoride, according to the reactions
presented in Scheme 2.17. Any biomass, coal, and even waste can be used as a car-

bon source for the synthesis of calcium carbide [121].

600 °C

Ca(OH), CaO + H,0 (1)
800 °C

CaF,+H,0 ——i—— CaO + 2 HF (2)

HF + KOH —_— KF + H,0 (3)
1900 °C

CaO+3C CaC, + CO (4)

2CO + 0, — 2 CO, (5)

Ca0 + CO, CaCO; (6)

Scheme 2.17. Sequence of reactions for the regeneration of KF and CaC,

Thus, in this part of the study, a fully cyclic method for the production of
acetaldehyde was developed, based on the sequence of vinylation-devinylation re-
actions. The advantages of the proposed method include complete recycling of the
process, availability and low cost of starting materials. The results obtained in this

chapter were published in a peer-reviewed scientific journal [122].
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2.4. Using the reaction of nucleophilic addition of alcohols to acetylene
from calcium carbide for the cyclic production of polymers

The developed method for the cyclic production of acetaldehyde prompted us
to create another cyclic process, which is based on the reaction of the nucleophilic
addition of alcohols to acetylene - the production of polymers. Currently, most pol-
ymer materials are obtained from non-renewable raw materials, the main ones being
ethylene, propylene and styrene, extracted from oil [123]. In fact, such polymers are
disposable because after use they are difficult to decompose into original monomers
suitable for re-polymerization. Thus, according to data for 2015, about 60% of all
plastics produced by humanity are thrown away and accumulate in the environment
[124]. In this regard, the problem of obtaining recyclable polymer materials from
renewable raw materials has recently become particularly urgent, as evidenced by
the avalanche-like growth of publications devoted to this topic.

There are several approaches to the production of renewable polymers, the
main of which is the use of biomass as a raw material for their production [123]. The
advantages of using biomass are its availability, low cost and, as mentioned earlier,
renewability. Biomass can act as a source of monomers, for example, eugenol, pi-
nene, myrcene, limonene. In this case, the compound already contains a double bond
or a ring through which polymerization subsequently occurs. Examples of such re-
actions include the polymerization of f-pinene [125], myrcene [126] and alloocy-
mene [127]. However, after using these polymers, the problem remains related to
the complexity of processing.

Another direction of using biomass to produce polymers is the modification
of its components in order to obtain monomers with other functional groups, through
which further polymerization occurs. Examples of such reactions include modifica-
tion of limonene for further ring-opening polymerization [128], protection of the
hydroxyl group of eugenol [129], and modification of f-pinene and other terpenes
with thiols [130] for further polymerization. Modification of a natural compound
often involves multi-step syntheses and complex reagents, which in many cases are

not renewable.
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In this section of the dissertation, attention is paid to the renewability of cal-
cium carbide, as the key to the production of polymers from renewable raw materi-
als, for which terpene alcohols were also used. In the course of the research presented
in this subchapter, the goal was to develop a cyclic method for producing polymers

from renewable raw materials, and, consequently, materials based on them.

2.4.1. Preparation of monomers based on natural alcohols and calcium
carbide

Available terpene alcohols were selected as natural alcohols: menthol (4f),
borneol (4k), fenchol (41); natural alcohols common in perfumery: citronellol (4m),

javanol (4n), myrtanol (40) and rosafen (4p), as well as 5-HMF (4q) (Figure 2.10).

@%%Q Ll o

Menthol (4f) Borneol (4k) Fenchol (41) Citronellol (4m) Javanol (4n)
Myrtanol (40) Rosaphene (4p) 5-HMF (4q)

Figure 2.10. Natural alcohols selected for research

For vinylation of natural alcohols 4f, 4k—4p (Scheme 2.18) using calcium car-
bide, we used a technique previously developed [47]. In this procedure, the reaction
1s typically carried out in pressure tubes using a loading of 2 mmol calcium carbide
per 8 ml tube. In this case, the reaction of addition of acetylene to alcohols is often
carried out under superbasic conditions, for which the DMSO-KOH-KF system has
proven to work well for the vinylation of alcohols using calcium carbide. By slightly
modified the ratios of the reagents and increasing the reaction time to 45 hours, was

achieved high isolated yields of the resulting vinyl ethers (Table 2.9).

H,0, KOH, KF NN

R-OH + CaC2
41, 4k—4p DMSO, 130 °C,4-5h 5¢, 5k-5p

Scheme 2.18. Vinylation of natural alcohols 4f, 4k-4p
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Table 2.9. Vinyl ether 5f, Sk-Sp

Vinyl ether Reaction time, h Isolated yield, %
Menthol (5f) 5 87
Borneol (5k) 4 75
Fenchol (51) 4 92

Citronellol (5m) 4 93
Javanol (5n) 4 88
Myrtanol (50) 4 82
Rosafene (5p) 5 88

It is worth noting that under rather severe vinylation conditions, the double
bond in the structure of vinyl ether Sm was retained (no resinization was observed),
which was confirmed by ' H NMR spectrometry data and a high yield of the product.
Vinyl ether Sn was obtained as a mixture of two isomers, with the same ratio as the
original alcohol 5, which was confirmed by GC-MS and '"HNMR spectrometry data.
The structure of all obtained vinyl ethers 5f, Sk—5p was confirmed by ' H and '* C
NMR spectroscopy and mass spectrometry data.

When using this method for alcohol 4q, it turned out that in a superbasic me-
dium this alcohol was reduced to 2,5-di(hydroxymethyl)furan (2,5-DHMF) (4r),
which then reacted with acetylene formed from calcium carbide (Scheme 2.19). Ac-
cording to "HNMR and GC-MS, under the reaction conditions a mixture of products

was formed, mainly consisting of alcohol 4r and mono- and divinyl ethers Sr.

_____________________________________________________

CaC,, H,0 ; =0 | o O |

Ho/\E))—//O KOH, KF, DMSO | HO | O OH Y/ 5r-l1 !
- 1 —_— 1

Y o : Y :
130°C, 3 h i 0 o OH

4q . 2,5-DHMF (4r) Vel

_____________________________________________________

Scheme 2.19. Transformations of 5-HMF under vinylation conditions

An analysis of the literature showed that the reduction of compound 4q to 4r
apparently occurred via the Cannizzaro reaction, which occurs in the presence of an
alkali [131]. Optimization of vinylation conditions did not lead to the desired vinyl

ether 5q, but opened the way to di- and mono-vinyl ethers Sr. Due to the large
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number of by-products from the transformation of alcohol 4q under superbasic con-
ditions, it was decided to obtain alcohol 4r separately by well-known method [132].
Thus, alcohol 4r was obtained by reducing alcohol 4q in water with NaBH4 (Scheme
2.20). After extraction and removal of the solvent, the product yield was 69%.
HO o O NaBH,HO0 — ho O OH
Y 25°C,1h /\E/)_/

4q 4ar

Scheme 2.20. Preparation of diol 4r

Having obtained alcohol 4r, the conditions for its vinylation were optimized
(Table 2.10). Since it is difficult to stop the reaction at the stage of formation of
mono-vinyl ether, the main goal was to obtain divinyl ether Sr-II.

Table 2.10. Optimization of conditions for obtaining Sr-II ¢

En- Base T, t h CaCy:4r | Conver- Selectivity | Selectivity | Yield
try °Cc |~ ratio sion 4r, % 5r, 2% Sr-11, % | Sr-II, %
1 KOH 100 | 1 4:1 98 61 53 52
2 | t-BuOK | 100 | 1 4:1 92 63 52 48
3 KF 100 | 1 4:1 39 100 17 7
KF, _
4 KOH 100 | 1 4:1 98 73 59 58
5 - 100 | 1 4:1 0 - - 0
6 KF 130 | 1 4:1 94 91 61 57
7 KF 80 1 4:1 3 100 0 0
8 KF 25 1 4:1 0 - - -
9 KF 100 | 3 4:1 71 100 39 28
10 KF 100 | 6 4:1 97 93 73 71
11 KF 100 | 14 4:1 100 45 45 45
12 KF 100 | 6 5:1 100 66 66 66
13 KF 100 | 6 6:1 100 80 78 78

“Selectivity, conversion and yield determined by GC-MS; ? Selectivity for the formation of mono-
and divinyl ethers Sr, %.

When using alkali and potassium tert-butoxide (entries 1 and 2), a high con-
version of 4r was achieved, but the selectivity for the formation of vinyl ethers was
low (61-63%). At the same time, when using potassium fluoride (entry 3), high se-
lectivity for the formation of vinyl ethers was achieved, but low conversion of the
starting alcohol. To increase conversion, a mixture of KF and KOH was used (entry

4), however, the selectivity of the reaction in this system decreased (to 73%), so
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further conditions were varied using KF as a base. As expected, without a base (entry
5) the reaction did not occur.

Varying temperature conditions (entries 6—8) showed that increasing the tem-
perature to 130 °C led to the formation of by-products, which reduced the selectivity
of the reaction (up to 91%). At the same time, a decrease in temperature led to a
significant drop in the rate of the process (4r conversion decreased from 17% at
100 °C to 3% at 80 °C and to 0% at room temperature, respectively). Increasing the
reaction duration led to an increase in conversion (entries 9—11), while the optimal
conversion-selectivity ratio was achieved when the reaction was carried out for 6
hours (entry 10). Increasing the calcium carbide loading (entries 12—13) led to an
increase in the yield of divinyl ether Sr-I1. Thus, under optimal conditions for vinyl-
ation (entry 13) (KF as a base, the ratio of CaC , to alcohol 4r was 6:1, 6 hours at
100 °C), a yield of Sr-I1 78% was achieved.

Thus, a series of vinyl ethers of natural alcohols was obtained in high yields
(75-93%). Once obtained, all vinyl ethers were purified by column chromatography,
dried over CaH; and distilled in vacuo using the Kugelrohr system (vacuum short
distillation) to remove traces of parent alcohols and water that inhibit cationic

polymerization.

2.4.2. Preparation of polymers based on synthesized vinyl ethers

2.4.2.1. Linear polymers based on monovinyl ethers of terpene alcohols.
After thorough purification, the vinyl ethers of natural alcohols were subjected to
cationic polymerization using a standard procedure using boron trifluoride etherate
as an initiator (Scheme 2.21). Since polymerization is sensitive to traces of water
and oxygen, all glassware (Schlenk flasks, syringes, stirrer arms) were first thor-
oughly dried in an oven (110 °C), and also additionally heated with a hairdryer in a
vacuum on the Schlenk line, and then filled with argon. Pre-dried and argonized
toluene was used, which was taken in an argon flow. The temperature during

polymerization was maintained using a cryostat.



74

Toluene, BF3-OEt, CH-,—CH
n R\O/\ + 2 ] #
-40 °C, 24 h O\R
5f, 5k-5p 7f, Tk-Tp

Scheme 2.21. Polymerization of vinyl ethers 5f, Sk-Sp

Vinyl ethers 5f, Sk—Sp were polymerized at -40 °C. After preparation, the
polymers were reprecipitated 3 times with methanol from a solution in chloroform
and dried in a vacuum at 40 °C for 48 h. The yields and characteristics of the obtained
polymers (aggregate state and molecular weight) are presented in Table 2.11.

Table 2.11. Characteristics of polymers 7f, 7k-7p

En- Yield, | Aggregation Mn Mw
try Polymer Structure o, tate (e/mol) | (z/mol) D
H,C—CH
Polyvinyl - e (Ijt
1 menthol 76 Solid 5.04x10% | 8.50x10* | 1.69
(71)
H,C—CH
Polyvinyl - R | t
2 borneol © 81 Solid 5.54x10% | 7.08x10* | 1.28
(7k)
—QH2C—(|:H§—
Polyvinyl - 0 A ) 4 4
3 fenchol (71) % 74 Solid 1.29x107 | 2.57x10% | 1.98
~H,C—CH}-
Polyvinyl - 6 " Viscous lig-
4 | citronellol 85 U AT 1 3.35¢104 | 5.38x10* | 1.61
uid
(7m) N
—éHzc—?w—
n
' o)
5 | Polyvinyl- 71 Solid | 6.20x10° | 1.12x10* | 1.82
javanol (7n)
~+H,C-CHY-
Polyvinyl - (l) n
6 myrtanol 82 Solid 2.10x10% | 4.3x10* | 2.02
(70)
Polyvinyl - THoC-CH- . .
7 | rozafene ©vx4v0 72 Vlscﬁ}ld“lq' 5.01x10% | 6.28x10* | 1.25
(7p)
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It can be noted that most of the resulting polymers were solids. Polymers con-
taining aliphatic groups without rings (for example, 7m, 7p) were viscous liquids.
The resulting polymers were highly soluble in organic solvents such as THF and
methylene chloride, which made it possible to determine their molecular weights by
GPC. The molecular weight of all polymers was in the range of 0.6-5.5 x 10* g/mol,
and the dispersity (D) was 1.25-2.02.

It is noteworthy that the polymers after isolation were exclusively polymeri-
zation products at the O-vinyl group. In the 'HNMR spectra there were no signals
for the formation of polymers obtained via other double bonds (polymer 7m), and
the molecular weight distribution was monomodal. Also, no ring opening or rear-
rangement products were observed under polymerization conditions.

Thus, a series of polymers with a linear structure were obtained from mono-
vinyl ethers of natural alcohols in yields of 71-85%.

2.4.2.2. Cross-linked polymers based on divinyl ether. Divinyl ether Sr-11
was also subjected to cationic polymerization under the same conditions as indicated
above for mono-vinyl ethers. It turned out that ether Sr-1II crystallized at this tem-
perature and did not readily enter into further polymerization, so the reaction tem-
perature was increased to -10 °C. Under optimized reaction conditions, divinyl ether
was converted to cross-linked polymer 7r in 71% yield (Scheme 2.22).

P
Z 0 © Toluene, BF3-OEt,
| . Z

\\ -10°C, 24 h
Sr-11 Cross-linked polymer 7r

Scheme 2.22. Polymerization of divinyl ether Sr-11

This polymer turned out to be insoluble in organic solvents, which made it
difficult to analyze using NMR and GPC methods. This property is characteristic of

cross-linked polymers.
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2.4.3. Thermal properties of polymers based on vinyl ethers of terpene
alcohols

For polymers 7f, 7k—7p, the limits of temperature stability of the polymer
were determined by thermogravimetric analysis (TGA). According to TGA data
(Figure 2.11), all synthesized polymers completely decomposed at 450—500 °C (the
weight of the solid residue was 0.05-3.4%). Polymer 7f began to decompose at
300 °C (small drop in weight up to about 380 °C (up to 5%) and a sharp drop in
weight after (99%)) and was one of the most stable polymers, along with polymers
7m, 7n and 7p. For these polymers, a small drop in weight was also observed up to
300 °C (less than 3%) and a sharp drop after 350 °C (7m and 7n) and 370 °C (7p)
(up to 97-99%). For the polymer 7k, two stages of decomposition were observed:
the first at 170-220 °C (5% weight loss) and the second after 400 °C (99% weight
loss). The thermal stability of polymer 71 was the lowest: up to 170 °C the polymer
lost about 4% in weight, then when heated to 250 °C another 5%, up to 300 °C — the
total loss was 15%, and then after 320 °C it was observed a sharp drop in weight to
99%. Polymer 70, in turn, apparently due to solvent residue, lost 5% of its weight
when heated to 120 °C, and a significant drop was observed after 360 °C (up to
99%). Thus, for most polymers, decomposition began at 120-299 °C with a weight
loss of 3—5%, then at higher temperatures (after 320400 °C) it reached 97-99%.

100

e =

polymer 7f
—=— polymer 7k |
50 - - ---polymer 7l Y3
----- polymer 7m VY
AT polymer 7n
—— polymer 70
—— polymer 7p

Weight, %

0 ' 200 ' 400
T,°C
Figure 2.11. Curves of TGA for polymers 7f, 7k-7p



71

An interesting feature of the obtained polymers was their thermoplasticity,
which is a characteristic feature of polymers with a polyethylene chain. The possi-
bility of repeated softening-hardening was studied using the example of polymer 70
with a molding temperature of about 120 °C. The selected polymer was heated to a
specified temperature, after which it was softened and shaped into various shapes,

shown in Figure 2.12.

Jerc‘ﬁHt 120°C
o

é:

Figure 2.12. Thermoplastic properties of polymer 70

After cooling, the polymer solidified, maintaining its shape. This procedure
was performed multiple times (up to 10 times), after which the polymer was ana-
lyzed using GPC to determine its molecular weight. It turned out that the molecular
weight distribution remained almost the same, from which we can conclude that it
is possible to subject the polymer to multiple temperatures without destroying its
structure. This property served as the basis for further research on a number of pol-
ymers as filaments for 3D printing (see Chapter 2.4.6).

Thus, it was shown that some of the synthesized polymers have thermoplastic
properties. Most of the synthesized polymers were stable up to 300 °C and com-
pletely decomposed at 450—500 °C. To make it possible to further process these pol-

ymers, their decomposition products were studied.

2.4.4. Pyrolysis of polymers based on vinyl ethers of terpene alcohols

To identify the decomposition products of polymers 7f, 7k—7p when heated
above 300 °C, pyrolysis of the polymers 7f, 7k—7p, as well as the corresponding
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alcohols 4f, 4k—4p and vinyl ethers 5f, Sk—5p was carried out. Pyrolysis was carried
out in an argon atmosphere in a special pyrolysis unit connected to a GC-MS ana-
lyzer used to identify the pyrolysis products.

Terpene alcohols, in particular 4f, 41, 4p, were resistant to pyrolysis at 300 °C
(Table 2.12). Alcohols 4k and 4n were only slightly degraded. However, during the
pyrolysis of 4m and especially 40 at 300 °C, a large amount of pyrolysis products
was observed; in the case of 4m, the main alcohol still remained, and in the case of
40, the main product was a compound whose structure could not be determined (con-
tent — 40%).

Table 2.12. Products of pyrolysis of alcohols at 300 °C

Alcohol | Alcohol content, % Other pyrolysis products ¢
4f 100 -
4Kk 94 5% (iso-borneol)
41 100 -
4m 63 8% °
4n 97 -
40 16 12% (glycerol tricaprylate), 40% °
4p 100 -

¢ Products whose content in the mixture is more than 5% are indicated. ? The product could not be
identified.

Vinyl ethers of terpene alcohols, on the contrary, turned out to be unstable
under pyrolysis conditions at 300 °C, as evidenced by the large number of pyrolysis
products and, in most cases, the complete absence of the original vinyl ether (Table
2.13). The main product of pyrolysis 5f and 5p was squalene, also with lower con-
centrations the formation of glycerol tricaprylate and the corresponding alcohol was
observed. In the case of Sk and Sm the main product was alcohol: iso-borneol and
citronellol, respectively; the by-product, as for compounds 5n and 50, was the cor-
responding acetate, and the original vinyl ether also remained. All vinyl ethers had

their own by-products, which were generally lower in content.



79

Table 2.13. Products of pyrolysis of vinyl ethers at 300 °C

Content in the mixture after pyrolysis, %

Vinyl '
ether Alcohol | V.E. Ace- | Glycerotri- | Squa- Other “
tate caprylate lene
10%
O
S 6 ) ) 27 26 \/\/O\IHJ\O
0]
18%°
+ iSO~
ok 4bofnle(clj;) - 8 - - 9% b, 5% (ketone)
Sm 41 - 12 - - 12% (formate)
5n 17 26 47 - - -
37%
50 21 16 | 9 i _ o W/&
I o
S5p 4 - - 6 77 _

@ Products whose content in the mixture is more than 5% are listed. ® The product could not be
identified.

Based on the TGA data, the following pyrolysis temperatures were chosen for
the pyrolysis of polymers: 300, 350, 400 and 450 °C. Tube furnace pyrolysis of some

polymers was also performed (7f, 7k and 70). Depending on the temperature used,

the composition of the polymer pyrolysis products changed (Table 2.14).




Table 2.14. Products of polymer pyrolysis 7f, 7k-7p at 300-450 °C

Main Products LIS Pyrolysis in a tube
300 350 | 400 450
7f
Alcohol, % 73 87 73 57 73
Ketone, % 1 8 20 21 10
Squalene, % 26 3 8 2 -
Other ¢ - - - 16%°
7%
7k
Alcohol, % 4 4 15 37 36
Ketone, % 5 21 47 59 47
Toluene, % 84 62 26 1 16
Squalene, % 4 11 — 2 -
Other ¢ 3% (camphene) - 12%° - -
71
Alcohol, % 25 26 -
Ketone, % . ) 44 52 -
Acetaldehyde.% pyrolysis does not occur | pyrolysis does not occur 20 - -
Other “ - - -
7m
Alcohol, % 76 66 52 49 -
Aldehyde, % 10 27 35 32 -
Squalene, % 7 3 5 - -
Other ¢ 8% ? - - - -
Tn
Alcohol, % 86 59 62 56 -

08



Aldehyde, % 3 8 12 13 -
Toluene, % 2 1 - - -
Squalene, % 4 7 - - -
5%°, 7%
Other “ . 12%° o | .
9% X OH
70
Alcohol, % 67 67 45 28 54
Aldehyde, % 2 21 13 9 4
Toluene, % 21 - 10 10 -
10% ° 17%
7p
Alcohol, % 56 48 48 37 -
Aldehyde, % 44 37 35 39 -
Shas : 7 B 14 i
Shas - ) : : -
Squalene, % - 3 - - -

Other ¢

Products whose content in the mixture is more than 5% are listed. > The product could not be identified.

I8
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In the case of pyrolysis of polymer 7f, the main products were menthol, men-
thone and squalene (Scheme 2.23), and the content of alcohol and squalene de-
creased with increasing temperature, while the content of ketone increased. During
pyrolysis in a tube, the main product was also alcohol (73%), which was confirmed

by '"H NMR spectroscopy data.

OH

+H

o .
& — + :

Menthone

—HO-

= = = = = =
Squalene

Scheme 2.23. Proposed mechanism of pyrolysis of polymer 7f

The main products of pyrolysis of polymer 7k were borneol, camphor and
toluene (Scheme 2.24). It is possible that toluene was initially contained in the pol-
ymer, since it was a solvent during polymerization. It can be noted that with increas-
ing pyrolysis temperature, the toluene content in the mixture decreased, while bor-
neol and camphor increased. This may be due to the fact that at low temperatures
pyrolysis only began and a significant contribution was made by the evaporation of
toluene, which could be contained in the initial polymer. Pyrolysis in the tube led
mainly to alcohol and ketone; in the ' H and '* C NMR spectra, signals were observed

mainly from alcohol, and there were no signals from toluene.
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Scheme 2.24. Proposed mechanism of polymer 7k pyrolysis

During the pyrolysis of polymer 71, in contrast to other polymers, the for-
mation of acetaldehyde was observed at 350 °C; at lower temperatures, pyrolysis did
not occur. When the temperature increased above 400 °C, pyrolysis led mainly to
fenchol and fenchone (Scheme 2.25); with increasing temperature, the content of

both products increased significantly.

HO
o H
M + /@ Fenchol
n
b | >
A n
B
Fenchone

/_

VG S

Scheme 2.25. Proposed mechanism of polymer 71 pyrolysis

Acetaldehyde

Pyrolysis of polymer 7m led to a smaller amount of the main products - cit-
ronellol and citronellal (Scheme 2.26), while the alcohol content decreased with in-
creasing temperature, and the aldehyde content increased. The formation of small

amounts of squalene was also observed.
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V Citronellol
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Citronellal
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Squalene

Scheme 2.26. Proposed mechanism of polymer 7m pyrolysis

Pyrolysis of polymer 7n proceeded mainly with the formation of javanol

(Scheme 2.27); the content of aldehyde and other products was significantly lower.

- i
n . n
© +
.0
> Javanol
(0]
|
7n
Javanal

Scheme 2.27. Proposed mechanism of polymer 7n pyrolysis

In the pyrolysis of polymer 70, the main products were myrtanol, myrtanal
and toluene (Scheme 2.28). Toluene, as in the case of polymer 7k, could be present
in the polymer initially after polymerization and not be a pyrolysis product. The
content of alcohol, aldehyde and toluene decreased with increasing temperature,
while the number of by-products increased (a large number of peaks with an area of
less than 5% were observed in the mass spectra). Pyrolysis in the tube resulted

mainly in myrtanol (53%).



&5

Toluene

Myrtanol

i< 2, ¢

TNt

Scheme 2.28. Proposed mechanism of polymer 70 pyrolysis

During the pyrolysis of polymer 7p, the formation of rosapfene and its corre-
sponding carbonyl compound was observed (Scheme 2.29). As the pyrolysis tem-
perature increased, the alcohol and aldehyde content decreased, while the content of

by-products increased.
OH

NS

e} M Rosaphene
— = S n + w (0]
—H>
MH

7p
2-Methyl-5-phenylpentanal

Scheme 2.29. Proposed mechanism of polymer 7p pyrolysis

Thus, the main products of pyrolysis of polymers 7f, 7k—7p were the initial
alcohol and the corresponding aldehyde or ketone, depending on whether it was a
primary or secondary alcohol (Scheme 2.30). In many cases, squalene or toluene
(which may have been present in the polymer initially) was also formed. It can be
noted that for polymers 7f, 7m—70 alcohol was predominantly formed, and for 7k
and 71 — ketone (Table 2.15). In this case, the alcohol-carbonyl compound ratio, as

well as their total content, strongly depended on the pyrolysis temperature.



86

— > Squalene

Alcohols
4f, 4k—4p /H +5 |
; |
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Scheme 2.30. Main products of polymer 7f, 7k-7p pyrolysis

Table 2.15. The main products of pyrolysis of synthesized polymers at dif-
ferent temperatures

o Carbonyl com- | Total content of alcohol and car-
Polymer T,°C Alcohol, % poun}(,i, % bonyl compound, % °
300 67 2 69
7t 350 80 12 92
400 73 20 93
450 57 21 78
300 4 5 9
350 4 6 10
7k 400 15 47 62
450 37 59 96
350 5 17 22
71 400 17 60 77
450 26 52 78
300 76 6 82
7m 350 66 27 93
400 52 35 87
450 49 32 81
300 86 3 89
350 59 8 67
Tn
400 62 12 74
450 56 13 69
300 64 4 68
70 350 67 21 88
400 45 13 58
450 38 9 47
300 56 44 100
p 350 48 37 85
400 48 35 83
450 37 39 76

Since pyrolysis in a pyrolysis installation is carried out in small quantities

(several mg), the work also carried out pyrolysis of the resulting polymers in large
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volumes (20—100 mg) in a quartz tube. The tube was connected in series with traps
into which pyrolysis products were captured. The tube was placed in a tube furnace
preheated to 750 °C, and the reaction products were analyzed using ' H NMR and
GC-MS. Polymers 7f, 7k and 70 were chosen for tube pyrolysis. The reaction prod-
ucts are presented in Table 2.16.

Table 2.16. Products of pyrolysis of selected polymers in a tube furnace
according to GC-MS data

Carbonyl com- | Total content of alcohol and car-
Polymer | Alcohol, % poun}c,l, % bonyl compound, %
7f 73 10 83
7k 36 47 83
70 53 4 57

Despite the fact that the total content of the carbonyl compound and alcohol
during pyrolysis in the tube turned out to be slightly lower than in the pyrolytic in-
stallation (possibly due to the higher temperature in the furnace), we were able to
isolate this mixture. Subsequently, an experiment was even carried out with a large
amount of polymer 7f at a lower temperature (450 °C), in which it was possible to
obtain a mixture of menthol and menthone with a preparative yield of 76%. This
confirmed the formation of the starting alcohols and their corresponding carbonyl
compounds during the pyrolysis of the synthesized polymers.

Thus, it was shown that the main products of pyrolysis of polymers 7f, 7Tk—7p
were the corresponding starting terpene alcohols and their carbonyl compounds. The
total content of alcohol and carbonyl compound in the mixture after pyrolysis ranged
from 78 to 100% according to GC-MS. The discovered patterns make it possible to
create a closed cycle for the production and decomposition of polymers based on

terpene alcohol.
2.4.5. Recycling of polymers based on vinyl ethers of terpene alcohols
The final stage of this part of the work was the return of the original alcohols

back to the polymer production cycle. In order to return more alcohol to the system,

the resulting mixture of carbonyl compound and alcohol can be reduced to pure
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alcohol. To confirm this hypothesis, the standard procedure for the reduction of al-
cohols with sodium borohydride was used in the work. Having worked out the re-
duction procedure on pure camphor, the conditions were transferred to a mixture of
camphor and borneol, and then to the mixture obtained after pyrolysis of the polymer
7k. Thus, it was possible to successfully restore the mixture obtained after pyrolysis
of polymer 7k to the original alcohol used in the preparation of the same polymer.
In order to confirm the processability of the synthesized polymers, a full cycle
of synthesis, decomposition and re-synthesis of polymers was carried out using the

example of polymer 7f (Scheme 2.31).

CaCQ’ HQO H
KOH, KF, DMSO Toluene, BF3-OEt, - +CH2_?_)H
Y OH 130 °C,5h - O/\ -40 OC, 24 h o
N - 5
T NaBH4, MeOH E é\ @ : 450 oC ‘
1 + : -

Scheme 2.31. Full cycle of polymer recycling using example 7f

At the initial stage, vinyl ether 5f was obtained with a yield after purification
and distillation of 87%. The resulting vinyl ether was then polymerized; after repre-
cipitation and drying, the yield of polymer 7f was 76%. The resulting polymer was
pyrolyzed in a quartz tube at 450 °C, after which the liquid fraction was collected,
which was mainly a mixture of menthol and menthone (mixture yield 76%). Next,
the resulting mixture was reduced with sodium borohydride to obtain menthol with
an isolated yield of 98%. Thus, alcohol 4f was returned to the polymerization cycle.
After re-vinylation of the resulting menthol and further polymerization, it was pos-
sible to re-obtain polymer 7f with the same characteristics.

Thus, the possibility of pyrolysis of the polymer to the starting alcohol and
carbonyl compound was demonstrated. Reduction of this mixture opened the way to

re-producing a polymer with the same characteristics as the original one. The entire
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path of the so-called “cyclic assembly and disassembly” of synthesized polymers

was demonstrated using the example of a menthol-based polymer.

2.4.6. Using the resulting polymers to production of material for 3D
printing

Since some of the resulting polymers, in addition to being recyclable, also
turned out to be thermoplastic, we decided to explore the possibility of using them
to create a material for making objects. 3D printing was chosen as a method for
production of objects, since this method allows you to create complex objects with-
out waste, which accompany methods based on the removal of excess material (sub-
tractive methods). To create objects using 3D printing, various technologies are
used, one of which is fused modeling deposition modeling (FDM). In this technol-
ogy, material in the form of a filament (thread of a certain diameter 1.75 mm) 1s fed
into a heated nozzle of a 3D printer, where it is softened and applied layer by layer
to the surface of the printing table, thereby creating a pre-modeled object. Despite
the fact that this technology is now actively developing, there are only a few indus-
trial filaments that meet the principles of “sustainable development”, namely the use
of renewable raw materials and the possibility of recycling. Therefore, the polymers
obtained in this work could potentially be used as a sustainable filament.

To stretch filament for 3D printing, you can use a single-screw extruder of a
suitable diameter. In this case, in addition to optimal temperature conditions, it is
necessary to create internal pressure due to the excess of the supplied material. In
our laboratory, previous experiments have shown that loading 15-20 g of polymer
material is optimal for drawing a rod with a diameter of 1.75 mm. Since the available
polymerization and vinylation methods, including those used in this work, are not
designed to obtain such an amount of product, to obtain filament from the resulting
polymers, the problem of scaling up the synthesis of polymers and vinyl ethers was
first solved.
2.4.6.1. Optimization of vinyl ether production for large volumes. To obtain the

filament, the 3 most accessible solid thermoplastic polymers 7f, 7k, 71, obtained
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above, were selected. To optimize vinylation scaling, the available terpene alcohol
4f was selected.

Among the works using calcium carbide in the synthesis of vinyl ethers of
terpene alcohols, three main approaches can be distinguished. The first is to carry
out the reaction in a glass pressure tube. This approach is the most used in laboratory
practice and has proven itself well for carrying out reactions with 1 mmol of alcohol
(for 8 ml tubes with a carbide load of 128 mg). The lab also used method for a
homemade 50 mL glass reactor made from a 15 mL pressure tube. In this method,
the alcohol loading was 8 mmol with a carbide loading of 1.5 g. However, these
reactors could not withstand a carbide loading of more than 1.5-2 g, and therefore
further scaling is possible only by increasing the number of parallel syntheses. Also,
this approach is accompanied by high consumption of solvents used in the extraction
and purification of vinyl ether. Another option for carrying out the vinylation reac-
tion using calcium carbide is to carry out the reaction using special cartridges [133].
However, in the case of using menthol during vinylation, the conversion was only
22%, apparently due to the lack of tightness of the system and, as a consequence,
the removal of acetylene from the reaction zone and the lack of pressure in the sys-
tem. A third option is to carry out the reaction without adding solvent in a steel
pressure reactor (the approach used in the synthesis of acetaldehyde described in
Chapter 2.3). In this case, there was no superbasic medium usually used in reactions
of nucleophilic addition to acetylene (for which DMSO or DMF is usually used as a
solvent). When menthol was used in this system, its conversion was also quite low
(10%). Based on the advantages and disadvantages of each method, we decided to
develop a more universal method for producing vinyl ethers in large quantities with
lower solvent consumption.

When optimizing the scale-up of the vinyl etper synthesis (Table 2.17), the
reaction was carried out in a 60 mL steel pressure reactor equipped with a pressure
gauge to avoid creating too high a pressure in the system. The conditions used in the

reaction of 1.2 g of menthol in a homemade pressure flask were chosen as a basis.
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Table 2.17. Optimization of conditions for the menthol vinylation reaction in
a steel reactor ¢
/

OH o)
KF, KOH, H,0
+ CaC, 2
DMSO, 5 h, 130 °C
4f 5f

Entry 4f, g CaCy, g Mole ratio Conversion, ¢
(mmol) (mmol) 4f : CaC,: KF : KOH : H,O mol%
1 1.2 (7.8) 1.5(23) 1:3:12:1.1:6 55
2 4.5 (29) 5.8 (90) 1:3:12:1.1:6 68
3 4.5 (29) 5.8 (90) 1:3:24:1.1:7 40
4 4.5 (29) 4.8 (75) 1:25:24:1.1:7 59
5 4.5 (29) 3.8 (58) 1:2:1.2:1.1:4.7 63
69 | 4.5(29) 3.8 (58) 1:2:12:1.1:4.7 68
7°¢ 4.5 (29) 3.8 (58) 1:2:1.2:1.1:4.7 69

4 Reaction procedure: KF, CaC»,, menthol, KOH, 30 ml DMSO were loaded into the reactor and
water was carefully added. The reaction mixture was stirred for 3 hours at 130 °C. ® The loading
of pure calcium carbide is indicated based on a carbide purity of 75%. ¢ The conversion was deter-
mined from the 'H NMR spectrum based on the ratio of the signals of vinyl ether and alcohol.
?The reaction time was increased to 20 hours. ¢ The reaction was carried out in a commercially
available 100 mL pressure flask.

Under the initial reaction conditions in a steel reactor (entry 1), the menthol
conversion was 55%. To reduce the consumption of reagents used in isolation, the
alcohol load was increased to 4.5 g and the loads of other reagents, except the sol-
vent, were proportionally increased (the same amount of DMSO (30 ml) was used).
Under these conditions (entry 2), conversion increased to 68%. An increase in con-
version is usually also facilitated by an increase in the loading of potassium fluoride;
for example, in [47] a 2-fold excess of KF in relation to CaC, was used. However,
in this case (entry 3), doubling the KF amount, on the contrary, led to a decrease in
conversion to 40%. When the loading of CaC, was reduced (from 1:3 to 1:2.5 mole
ratio of alcohol to carbide), an increase in conversion to 59% was observed (entry
4). An even greater reduction in carbide loading to a ratio of 1:2, as well as a return
to the original ratio of KF (entry 5), further increased the conversion (up to 63%).
Increasing the reaction time only slightly increased menthol conversion (entry 6).
Since under the conditions of entry 5 the lowest reagents consumption was used and

high conversion was observed, these conditions were taken as optimal. Under these



92

conditions, the pressure in the system did not exceed 4 atm, therefore an additional
experiment was carried out not in a steel autoclave, but in a commercially available
100 ml pressure flask. This flask withstood the experimental conditions, and the al-
cohol conversion even increased slightly (up to 69%). Thus, it was shown that opti-
mal reaction conditions can be safely transferred to standard laboratory glassware.

The further procedure for isolation and purification also was optimized, since
it was wanted to reduce the reagent consumption. It was observed that many vinyl
ethers of terpene alcohols partially escaped with hexane upon solvent evaporation,
possibly due to the formation of an azeotrope. This problem also needed to be solved.
It was suggested that the starting alcohol could be removed directly at the isolation
stage via the formation of the corresponding alcoholate, without resorting to column
chromatography later. To test this hypothesis, after the experiment, the mixture from
Table 2.19 was extracted with different solvents, and then these solutions were
washed with alkali solutions of various concentrations (Table 2.18).

Table 2.18. Study of the possibility of removing alcohol when isolating vinyl
ether from the reaction mixture ¢

Entry | Extractant Alkali solution Wight isolated 5f Purity, %
1 5% KOH 563 mg 77
2 Pentane 10% KOH 587 mg 77
3 25% KOH 503 mg 77
4 40% KOH 603 mg 77
) 5% KOH 310 mg 64
6 | ... 10% KOH 361 mg 64
7| Diethyl ether 25% KOH 319 mg 64
8 40% KOH 398 mg 64
9 5% KOH 413 mg 67
10 Hexane 10% KOH 600 mg 68
11 25% KOH 391 mg 68
12 40% KOH 646 mg 64

13° Pentane Brine - 70
14° Pentane 10% KOH 482 ¢ 71

“Entries 1-12: The reaction mixture from entry 1 from Table 2.19 was used. The reaction mixture
was divided into 3 parts, after which each part was extracted with pentane (entries 1-4), diethyl
ether (entries 5-8) or hexane (entries 9—12), respectively (4 x 10 ml). Then each series was divided
into 4 equal parts and washed with a KOH solution of a given concentration (3 x 10 ml), brine,
dried over Na2SO4 and the solvent was evaporated. ® The reaction mixture from entry 2 from Table
2.19 was used.
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It turned out that the purity of the isolated ether was practically independent
of the alkali concentration, but strongly depended on the choice of extractant. Thus,
when using diethyl ether, the lowest purity of the isolated vinyl ether was observed,
while its color was dark brown and the darkest of the series (entries 5-8). When
using hexane (entries 9—12), a slight increase in purity was observed, but at the same
time, based on the weight of the isolated ether, it was determined that after drying a
significant amount of hexane remained, which was difficult to distill from the mix-
ture under reduced pressure, since solvent vapors began to be captured along with is
a vinyl ether. The best results were shown by using pentane for extraction (entries
1-4), since after evaporation there were no solvent signals in the spectra, and the
highest purity of 77% was achieved.

We decided to check whether the use of alkali for washing affects the purity
of the released vinyl ether. To do this, the reaction mixture obtained after entry 2
(Table 2.19) was extracted with pentane and washed with saturated salt solution,
after which it was additionally washed with a 10% alkali solution. It turned out that
the cleanliness remained the same in both cases. Thus, it was concluded that washing
with an alkali solution did not even partially clear the mixture of alcohol.

Having tested this hypothesis, we decided to try to purify the mixture after
isolation through the formation of an alcoholate using a reaction with sodium metal.
For the experiment, 2 options were chosen: without solvent and with dilution of vi-
nyl ether with pentane. In both cases, after adding finely chopped sodium metal, the
mixture was left at room temperature overnight, after which the mixture was filtered
through Celite, washed with pentane and the solvent was evaporated. Analysis of
the spectra showed no changes in purity. Thus, it was shown that the use of sodium
metal also did not lead to the formation of alcoholate from menthol. An analysis of
the literature showed that this alcoholate using metallic sodium is formed only when
they are boiled in THF for 40 hours with a yield of 60% [134]. Thus, the method for
producing alcoholates was not suitable for chemical purification of the mixture.

Less consumptive options in terms of the substances used were also tested:

vacuum distillation with a reflux condenser and steam distillation. Vacuum
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distillation was accompanied by large losses inside the distillation system. Analysis
of the fractions showed that the purity of the distilled vinyl ether was the same as
before distillation in all fractions collected. The same results were obtained with
steam distillation, in which the mixture was also distilled without purification. In
this regard, the bestoption was purification by column chromatography on deacidi-
fied silica gel with pentane as an eluent. If necessary, unreacted menthol can be
washed from the column using a more polar solvent such as diethyl ether.

Thus, a less consumptive method was developed (since the same solvent
amount was used for large reagents loads, the solvent consumption for extraction
decreased by 5 times). This method allowed the preparation of 5f on a scale of about

3.5 g at a time in commercially pressure flasks.

=
KF, KOH, H,0
=OH | cac, 20 oK

DMSO, 5 h, 130 °C R
\KIO( ; e} o
5f 5k 51
3.5 g (65%) 4.4 g (82%) 4.6 g (85%)

Scheme 2.32. Preparation of vinyl ethers 5f, Sk and 51 on a 3—5 g scale

This method has also been successfully applied to the preparation of vinyl
ethers of other available terpene alcohols, borneol and fenchol (Scheme 2.32), used
for polymerization. The preparative yield of vinyl ethers was 65-85%.

2.4.6.2. Optimization of polymerization scaling. The next step towards a
filament for 3D printing from polymers was the synthesis of approximately 20 g of
each polymer. Polymerization can be carried out with small loads to obtain the re-
quired polymer amount, but this is accompanied by a large time and resources con-
sumption. Therefore, polymerization scaling was carried out. A key characteristic
for further filament extrusion was forming temperatures, which is influenced by the
molecular weight distribution, therefore the influence of polymerization conditions

on these factors was studied during scaling by the example of 5k ether (Table 2.19).



Table 2.19. Scaling of 5k polymerization and characteristics of the resulting polymers “

Initiator con- Mn, g/mol | Mw, g/mol
Entry | 5k, g (mmol) | Toluene, ? ml centration, T,°C | Time,h | Yield 7k, g (%) '8 4 & 4 D Ttorm, € °C
(x 10%) (x10%)
mmol/ml
1 0.27 (1.5) 0.5+0.5 0.06 -40 24 0.24 (90%) 391 4.04 1.03 220
2 0.54 (3) 0.5+0.5 0.06 -40 24 0.51 (95%) 2.02 6.26 2.83 220
3 1.08 (6) 0.5+0.5 0.06 -40 24 1.04 (96%) 4.16 6.71 1.62 220
4 0.27 (1.5) 1+0.5 0.06 -40 24 0.26 (96%) 2.98 5.72 1.92 220
5 0.54 (3) 1+0.5 0.06 -40 24 0.50 (92%) 3.86 6.11 1.58 220
6 1.08 (6) 242 0.06 -40 24 0.98 (90%) 3.04 6.27 2.06 220
7 0.27 (1.5) 0.5+0.5 0.24 -40 24 0.23 (83%) 3.15 4.86 1.54 220
8 0.54 (3) 0.5+0.5 0.24 -40 24 0.51 (94%) 2.96 4.85 1.64 220
9 0.54 (3) 1+0.5 0.06 -20 24 0.44 (82%) 1.03 3.31 3.20 220
10 0.54 (3) 1+0.5 0.06 rt 24 0.40 (75%) 0.73 1.57 2.15 200
11 0.54 (3) 1+0.5 0.06 -40 6 0.48 (89%) 3.07 4.52 1.47 220
12 0.54 (3) 1+0.5 0.06 -40 4 0.46 (85%) 2.88 4.59 1.59 220
13 3.24 (12) 6+3 0.06 -20 24 3.24 (99%) 1.73 4.11 2.37 220
14 3.24 (12) 6+3 0.06 -40 24 3.24 (99%) 2.65 4.37 1.65 220
15 3.24 (12)¢ 6+3 0.06 -40 24 2.81 (87%) 0.51 1.48 2.90 200
16 Polymer after 3-fold molding of the polymer obtained in experiment 3 4.05 7.80 1.93 220

“Polymerization procedure: Sk and toluene was placed in a prepared Schlenk flask under argon flow. The flask was then sealed with a septum and
cooled to the temperature indicated in the Table. After this, the initiator solution was added dropwise while cooling and stirring. The reaction
mixture was stirred at the temperature and for the time indicated in the Table. After the reaction was completed, 20 mL of methanol was added to
the flask to precipitate the polymer. The polymer was reprecipitated from toluene with methanol twice and then dried in a vacuum oven at 40°C for
2 days. ” The amount of toluene is indicated for the monomer solution and the initiator solution (through the + sign). ¢ The approximate forming
temperature is indicated, determined by the visual softening of the polymer when heated to the specified temperature. ¢ Vinyl ether was used without
purification by column chromatography.

S6
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Carrying out the reaction under standard conditions resulted in a 90% yield of
polymer 7k with D = 1.03 at M , = 4.04 x 10 * g/mol (entry 1). At this molecular
weight, the molding temperature was 220 °C. With increasing monomer loading, My,
increased along with D, but the forming temperature remained virtually unchanged
(entries 2-3). Reducing the monomer concentration (2-fold dilution) (entries 4-5)
did not significantly affect the molecular weight distribution and forming tempera-
ture. However, it promoted more thorough and stable mixing than that observed in
concentrated solutions from entries 2 and 3. With a proportional increase in loadings
relative to entry 1 (entry 6), the polymer was obtained with the same yield and form-
ing temperature, but with higher dispersity. When the initiator concentration in-
creased by 4 times, a slight decrease in molecular weights was observed (entries 7
and 8), which did not affect the polymer forming temperature. Varying the polymer-
ization temperature showed that with increasing temperature, the yield, molecular
weight, and forming temperature gradually decreased (entries 9—-10), which was es-
pecially noticeable when room temperature was used. As the polymerization dura-
tion decreased, the yield decreased slightly, although the properties of the polymer
remained the same (entries 11-12). A proportional increase in reagents relative to
entries 9 and 5 led to an increase in yields (entries 13 and 14, respectively) without
changing the forming temperature. The use of a lower purity monomer (vinyl ether
was not purified by column chromatography) (entry 15) resulted in a significant re-
duction in molding temperature and polymer yield. It is noteworthy that after 3 cy-
cles of softening-hardening of the polymer, the molecular weight distribution re-
mained virtually unchanged (entry 16).

Thus, it was shown that the polymerization temperature and monomer purity
had the greatest influence on the molecular weight and, as a consequence, on the
forming temperature. The decrease in molecular weight was also affected by an in-
crease in the initiator concentration, but the forming temperature did not change sig-
nificantly. Optimization of polymerization scaling resulted in a quantitative polymer
yield of 7k (3.2 g) (entry 14), while the forming temperature (220 °C) was the same

as when the reaction was carried out under standard conditions.
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The conditions found were used for the polymerization of other vinyl ethers
(5f and 51) (Table 2.20).

Table 2.20. The influence of polymerization conditions on the molecular
weight distribution and forming temperature of polymers 1b and 3b ¢

Monomer, g | Toluene, T, Yield, mg Mn, Mw, T torm, ¢
Entry (mmol) b ml oC (%) g/mol | g/mol D °C
(x10% | (x10%
1 51, 0.54 (3) 1+0.5 -40 | 0.54 (99%) 4.66 5.49 1.17 | >270¢
2 51, 0.54 (3) 1+2 -40 | 0.43 (85%) 2.98 3.79 1.27 | >270¢
3 51, 0.54 (3) 1+0.5 25 | 0.41 (81%) 1.12 1.73 1.54 205
4 51, 3.24 (12) 6+3 25 3.24 (99%) 1.33 1.82 1.37 210
5 5£,0.27 (1.5) | 0.5+0.5 | -40 | 0.25(92%) 1.08 2.73 2.51 130
6 5f,3.24 (12) 6+3 -40 | 3.08 (95%) 2.49 5.74 2.30 130

“The polymerization procedure is the same as in Table 2.21. The initiator concentration was 0.06
mmol/ml. ® The amount of toluene is indicated for the monomer solution and the initiator solution
(through the + sign). “ The approximate forming temperature is indicated, determined by the visual
softening of the polymer when heated to the indicated temperature. ¢ When heated above the spec-
ified temperature, the polymer turns black.

The use of optimal conditions for the polymerization of vinyl ether 71 at small
loadings (entry 1) led to a quantitative yield of polymer with a narrow molecular
weight distribution. However, it turned out that such a polymer did not soften up to
270 °C; at a higher temperature it turned black. To obtain a softening polymer 71 it
was necessary to reduce the molecular weight and for this purpose the patterns found
for polymer 7k were used. The first approach (entry 2) was to increase the initiator
loading, which slightly reduced the molecular weight and yield of the polymer, but
did not lead to softening of the polymer. In the second variant (entry 3), polymeri-
zation was carried out at room temperature, which led to a decrease in molecular
weight and the ability to mold the polymer at 205 °C, although the yield was also
lower. A proportional increase in loadings relative to entry 3 (entry 4) resulted in a
polymer in quantitative yield with a narrower molecular weight distribution and a
forming temperature of 210 °C.

Under standard polymerization conditions of 7f (entry 5), a polymer with a
forming temperature of 130 °C was obtained. Under optimal conditions (entry 6),
the yield and molecular weight of the polymer increased slightly, but the forming

temperature remained the same.
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Scheme 2.33. Scaling polymerization

Thus, optimization of polymerization scaling made it possible to obtain poly-
mers 7f, 7k and 71 (about 3 g at a time) with different softening temperatures (130—
220 °C) and high isolated yields (95-99%) (Scheme 2.33). These methods were used
to produce 20 g of polymers (parallel syntheses), which were subsequently used for
filament extrusion.

2.4.6.3. Thermal properties of the polymers. For all synthesized polymers,
TGA and DSC were recorded (Figure 2.13) to determine decomposition tempera-

tures and first-order phase transitions (glass transition and melting temperatures).
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Figure 2.13. TGA and DSC curves for polymers 7f, 7k and 71

According to TGA data (Figure 2.13 (left)), the decomposition temperatures
of 5 wt% of the polymer were 356 °C for 7f, 372 °C for 7k and 335 °C for 71. The
decomposition temperatures of 50 wt% of the polymer were 408 °C for 7f, 430 °C
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for 7k and 425 °C for 71. In this case, significant decomposition ended at 460 °C for
7f and 470 °C for 7k and 71 (residue weight less than 1%).
According to DSC (Figure 2.13 (right)), all polymers had glass transition tem-
peratures: 83 °C for 7f, 145 °C for 7k (weak effect) and 140 °C for 71 (weak effect).
The softening temperatures of the synthesized polymers were also determined
using thermomechanical analysis (TMA) (Figure 2.14). According to the graph, all
polymers had softening temperatures. Polymer 7f began to soften at a temperature

of 87 °C, 7k —-125°C,and 71 - 132 °C.
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Figure 2.14. TMA curves for polymers 7f, 7k and 71

Thus, it was shown that all synthesized polymers are stable up to 300 °C, and
the softening temperature is much lower (87—132 °C). This indicates the possibility
of thermal molding of polymers without destruction.

2.4.6.4. Adding plasticizers to the resulting polymers. The next step was to
obtain filament from the synthesized polymers. To obtain filaments, the polymers
were passed through a special single-screw extruder equipped with a nozzle with an
outlet diameter of 1.75 mm. All polymers have been successfully extruded filaments
with a diameter of 1.6 to 1.8 mm. Extrusion temperatures were: 120 °C, 190 °C and
225 °C for polymers 7f, 7k and 71 respectively. It is noteworthy that the polymer 7f

filament was transparent, unlike the others.
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All filaments were quite brittle after cooling to room temperature, which made
it difficult to use these materials directly in a 3D printer with metal pressure rollers
(the filament would crack after feeding the material). To increase flexibility and re-
duce brittleness, it was decided to add a plasticizer to the resulting materials. Con-
sidering that the main advantage of these polymers was their disassembly into the
original alcohol or its corresponding carbonyl compound, it was extremely important
to find a plasticizer that would not violate the “assembly-disassembly” concept. The
products of polymer decomposition during pyrolysis, the original alcohols and car-
bonyl compounds, were chosen as such potential plasticizers that satisfy this princi-
ple (Table 2.21).

Table 2.21. Physical properties of potential plasticizers

Entry Polymer Plasticizer m.p., °C b.p., °C
1 71 Menthol 36-38 (racemic) 212
2 g Mentone -6 207
3 7k Borneol 206 210
4 7k Camphor 179 204
5 71 Fenchol 39-45 (racemic) 203
6 71 Fenchone 5 191

Important characteristics influencing the choice of plasticizer are the solubil-
ity of the polymer in the plasticizer, its boiling point and state of aggregation at am-
bient temperature. In the case of polymer 7f, both menthol and menthone can be
used as plasticizers. For polymer 7k, both potential plasticizers are solid at ambient
temperature and their boiling point is below the molding temperature of the corre-
sponding polymer, which may lead to the removal of plasticizer from the polymer
during operation. For polymer 71, both potential plasticizers also have a boiling point
close to the molding temperature of the polymer. Therefore, the most promising was
the use of a mixture of polymer 7f with menthol and menthone.

Mixing of polymer 7f with menthol or menthone was carried out by stirring
in the melt at a temperature of 100—130 °C until a homogeneous mixture was ob-

tained (Table 2.22).
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Table 2.22. The influence of the plasticizer on the forming temperature and

.. Plasticizer con- : T torm, | Properties
Entry | Plasticizer centration, ¢ wt% Material °C | after cooling
1 Menthol 9 (+10%) PMVE +M1-10 120 Fragile
Menthol 17 (+20%) PMVE +M1-20 110 Fragile
3 | Menthol | 23 (+30%) | PMVE+MI1-30 | 100 | inereased
flexibility
4 | Menthol | 29(+40%) | PMVE+Mi-40 | 90 | Lnereased
flexibility
5 | Menthol | 33 (+50%) | PMVE+MI150 | 9o | Lnereased
flexibility
6 Menton 9 (+10%) PMVE +M2-10 120 Fragile
7 | Menton | 20(+30%) | PMVE+M230 | 60 | Lnereased
flexibility
8 Menton 29 (+40%) PMVE +M2-40 25 Viscous
10 Menton 33 (+50%) PMVE +M2-50 25 Viscous

“The amount of menthol added to the polymer in wt% is indicated in parentheses.

In all cases, when adding a plasticizer, the forming temperature of the mixture

of relatively pure polymer decreased. A decrease in brittleness was observed when

adding a plasticizer in an amount of more than 20 wt% to the polymer weight. In the

case of using menthone, when more than 40 wt% of plasticizer was added to the

polymer, the composite became viscous already at room temperature. The

PMVE+M1-30 material was chosen for further research due to its greatest flexibility

and forming temperature with the smallest amount of added plasticizer.

Thus, adding 30% menthol to polymer 7f increased the flexibility of the pol-

ymer, allowing it to be used in 3D printing. A filament with a diameter of 1.6—1.8

mm based on the PMVE+M1-30 material, suitable for further 3D printing, was ex-

truded at 75 °C (Figure 2.15). It is noteworthy that the thread retained good flexibil-

ity, transparency and ease of spinning after cooling to 35-40 °C.




102

Figure 2.15. Filament from PMVE+M1-30 material

2.4.6.5. Production of objects from polymer materials by 3D printing. The
filament obtained at the previous stage was used directly in a 3D printer with FDM
printing technology. Having determined the optimal temperature conditions for
printing with this material, a series of objects were successfully printed at a temper-

ature of 125 °C (Figure 2.16).

\

Figure 2.16. Objects printed on a 3D printer from PMVE+M1-30 material
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Remarkably, objects adhered well to the glass surface without the need for

additional adhesives or coatings typically used in 3D printing. Printed objects were

easily removed without damage from the heating surface at a temperature of 40 °C.

The versatility of the PMVE+M1-30 filament was demonstrated when printing both

hollow and monolithic objects. A puzzle-shaped object was used to determine the

changes in size of the object after 3D printing relative to the specified dimensions

(Table 2.23). For comparison, commercially available plastics for 3D printing, PLA

and PETG, were chosen due to the similarity of their characteristics with the result-

ing material. The comparison took into account changes in both external and internal

dimensions of the object.

Table 2.23. Comparison of the dimensions of a part printed from
PMVE+M1-30 with similar parts printed from PETG and PLA

i Set size, Size of part printed from various materials, mm

¢! mm | PMVE+MI1-30 | A,% | PETG | A.% | PLA | A, %

a 234 23.6 1 234 0 24.3 4

b 234 23.7 1 234 0 24.3 4

e 1.8 1.7 -6 1.5 -17 1.5 -17

c 8 7.5 -6 7.6 -5 6.9 -14

d 7 7.1 1 6.9 -1 7.9 13
Y=+3% Y =+ 5% Y =+ 10%

For the resulting material for dimensions of about 23 mm, the deviations were

minimal and amounted to 1% deviation from the theoretical dimensions. For me-

dium-sized areas (7-8 mm), the deviation ranged from 1% to 6%, and for smaller

areas (2 mm) it reached 6%. Thus, the calculated average deviation was only 3%. In
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comparison, using commercially available materials such as PTEG and PLA to print
puzzle-shaped objects resulted in average deviations of 5% and 10%, respectively.
To assess the layers sintering quality during printing, the sample was divided
in half and the fracture surface was examined by SEM. In the SEM images (Figure
2.17), there is a noticeable absence of obvious boundaries between the top and side
layers (photos 1 and 2), which indicates good sintering of the layers during printing.
However, it is very difficult to completely eliminate air inclusions from a part due
to the printing technology, so there were still rare voids in the object (photo 3), which
inevitably arose due to air entrapment during the printing process. However, most

of the printed objects had an almost monolithic internal structure, which is quite

difficult to achieve using conventional 3D plastics (PLA, ABS, PETG, Nylon, etc.).

Figure 2.17. SEM photographs of the inside of an object printed from
PMVE+M1-30 material

Objects printed from PMVE+M1-30 material can be subjected to post-treat-
ment with a solvent (THF or CH,Cl) to effectively eliminate external interlayer
boundaries. Due to the transparency of this material, such post-processing opens up

access to printing transparent monolithic objects.
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Thus, the possibility of using the recyclable PMVE+M1-30 material in 3D
printing was demonstrated. Printing was carried out at a lower printing temperature
(125 °C) compared to commercial plastics for 3D printing (220-240 °C). However,
no signs of thermal destruction of the material during printing were observed. This
filament demonstrated good layer sinterability and high adhesion to glass, as well as
low shrinkage, similar to commercial 3D printing plastics.

In conclusion of this subchapter, it can be summarized that a method for pro-
ducing recyclable (through the assembly-disassembly cycle) polymers has been de-
veloped. The possibility of obtaining a material based on the synthesized polymers
for use in 3D printing was demonstrated. The results obtained in this chapter have

been published in peer-reviewed scientific journals [135, 136].
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CHAPTER 3. EXPERIMENTAL SECTION

3.1. Materials and instruments

Calcium carbide (granular, particle size 0.1-1 mm, 75%), isobutyl bromide
(99%), anhydrous palladium (IT) chloride (59%Pd), isobutyl vinyl ether (99%), men-
thol (99%), (—)-borneol (97%) and fenchyl alcohol (>96%) were purchased from
Sigma-Aldrich. 4-Bromotoluene (99%), 0.5 M (10 wt%) solution of di-tert-bu-
tylphosphine in hexane, citronellol (95%) and boron trifluoride etherate (48% BF3)
were purchased from Acros Organics. 2-Bromotoluene (99%) and 3-bromotoluene
(98%) were purchased from Macklin. 4-Bromanisole (99%) and 1,10-decanediol
(98%) were purchased from Alfa Aesar. n-Butyl bromide (99%), dicyclohex-
ylphosphine (98%), diethyl phosphite (99%), diphenylphosphine oxide (97%),
nickel(IT) bromide anhydrous (99%), magnesium (shavings) were purchased from
Chemical Line, abcr GmbH&Co, Energy-chemical, Bide Pharmatech Ltd. and “Rus-
khim” respectively. cis-Myrtanol, javanol and rosapfene were purchased from a lo-
cal perfume company and tested by "HNMR and GC-MS before use. Decanol (pure
grade), octanol (pure grade) and isoamyl alcohol (pure grade) were purchased from
the Reakhim company. iso-Butanol (pure grade), n-butanol (analytical grade), eth-
ylene glycol (analytical grade), glycerol (analytical grade), potassium hydroxide (re-
agent grade) and 2-aqueous potassium fluoride (analytical grade) were purchased
from the Vekton company. Before use, potassium fluoride was calcined at 160 °C,
stirring occasionally, and ground in a mortar. Potassium hydroxide was ground in a
mortar before use. THF was purified from peroxides by treatment with ferrous sul-
fate, then with potassium hydroxide, after which it was boiled and distilled in the
sodium/benzophenone system in an argon atmosphere. Toluene was distilled over
sodium under argon and stored over 4 A molecular sieves. Standard laboratory meth-
ods were used to purify and absolute the organic solvents and reagents used [137].
K,PdClswas obtained from PdCl, and KCl according to a well-known method [138].
2,5-di(hydroxymethyl)furan was prepared according to a previously described pro-

cedure [132]. Menthone was obtained from menthol according to the method [139].
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NMR spectra were recorded on Bruker spectrometers Avance DPX 400 and
Bruker Avance III 500 (400, 101 or 126, 162 and 61 or 77 MHz for 'H, ¥ C, 3! P and
2 H spectra, respectively); solvents: CDCl; or D,O. Data were processed using Mes-
tReNova NMR data processing software (version 6.0.2). Chemical shifts are given
in parts per million (ppm) and measured relative to the residual proton signals in the
"HNMR spectra 8y 7.26 ppm (CHCl3), &y 4.79 ppm (H,0), signals of the solvent
carbon atom in the 3C NMR spectra d¢c 77.2 ppm (CDCI;), deuterium signals in the
’H NMR spectra dp 7.26 ppm (CDCls) or 85% H3PO4in the 3'P NMR spectra 5p 0.0
ppm. The degree of DI was calculated using '"H NMR spectroscopy by decreasing
the signal intensity of the corresponding hydrogen atom. Spin-spin interaction con-
stants (SSICs) in proton spectra (Hz) are measured in the first order approximation.
The multiplicity of signals is given according to the following abbreviations: s =
singlet, d = doublet, t = triplet, q = quartet, d.d = doublet of doublets, d.t = doublet
of triplets, m = multiplet, br = broadened signal. Mass spectra were recorded on a
Bruker instrument micrOTOF with electrospray ionization (ESI). The reaction mix-
tures were analyzed on a chromatography-mass spectrometer combining a Perki-
nElmer gas-liquid chromatograph Clarus 680 (GC) and Clarus SQ 8T mass spectro-
metric detector (MS). The stationary phase was an ELITE-5ms capillary column 30
m x 0.25 mm x 0.25 um. GC-MS coupled with a pyrolyzer was carried out using a
QP2010 Ultra Shimadzu system; multi-charge pyrolyzer EGA/PY 3030D (Frontier
Lab). Capillary columns Rtx 5ms (30 m x 0.25 mm X 0.25 um; Restek) and HP 5ms
(60 m x 0.32 mm x 0.25 um; Agilent), He carrier gas (high purity, grade 6.0).

X-ray diffraction analysis was performed at 100 K for compound 3a-dson a
diffractometer Xtalab Supernova with HyPix3000 X-ray Cu Ko detector for
NiBr:(3a), NiBr:(3a-d,), NiBr:(3e), NiBr2(3e-d,), NiBr2(3e-d1s), PACl2(3a-ds) on
a diffractometer Rigaku Synergy S with HyPix6000 (PdCl:(3a-ds)) or
HyPix6000HE (rest) detector using Mo Ka (NiBr2(3a)) or Cu Ka (rest) X-rays. The
structures were solved by direct methods using SHELX T [140] and refined by the
least squares method using SHELXL.-2018 [141] integrated into the OLEX2 pack-

age [142]. All atoms, except hydrogen, were considered anisotropically.
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Molar masses and polydispersity indices of the polymers were measured using
gel permeation chromatography (GPC) in THF at 40 °C (flow rate = 1.0 mL/min)
compared to polystyrene standards. GPC was performed using a Shimadzu LC-20
modular system equipped with an MZ-Gel GPC column SDplus 10E3A (8 mm x
300 mm) and a differential refractive index detector RID-20A. The setup was cali-
brated using commercially available polystyrene standards with a narrow molecular
weight distribution (0.5-1000 kDa, Polymer Laboratories). Chromatograms were
processed using Shimadzu LC Solution software. Before analysis, polymer samples
were dissolved in THF (2 mg/ml) and filtered through a polyvinylidene difluoride
filter (0.45 pum, 13 mm).

The thermal and decomposition characteristics of the materials were deter-
mined by thermogravimetric analysis (TGA) carried out on a NETZSCH STA 449
F3 Jupiter apparatus, in the temperature range from 25 to 700 °C with a heating rate
of 10 K/min with an argon flow rate of 50 ml/min. Differential scanning calorimetry
(DSC) measurements were carried out using a NETZSCH STA 449 F3 Jupiter sys-
tem. DSC analysis was carried out in an argon atmosphere from -80 to 300 °C (data
recording for the second heating cycle). During the heating scan, a heating rate of
10 K/min was used. The glass transition temperature (Tg) was determined as the
temperature at half the height of the glass transition heat capacity step. The softening
temperature of the polymers was determined by thermomechanical analysis (TMA)
carried out on a Netzsch TMA 402 F1 Hyperion apparatus in the temperature range
from 25 to 300 °C with a heating rate of 3 K/min in a helium stream at a flow rate
of 100 ml/min.

Column chromatography was performed on Loba silica gel Chemie PVT.
LTD. 60-200 mesh. To purify vinyl ethers, silica gel was preliminarily deacidified
with a 2% solution of triethylamine in hexane. Macherey—Nagel plates were used
for thin layer chromatography (TLC) Xtra Sil G/UV,s4, detection was carried out
under UV light.

Vinylation in the synthesis of acetaldehyde and scale-up of vinylation to pro-

duce materials was carried out in a SITEC high-pressure reactor made from
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Hastelloy. Trapping of acetaldehyde and polymerization of vinyl ethers was carried
out while cooling to -20—(-40) °C using a LOIP FT-311-80 cryostat. Before polymer-
ization, all used glassware was dried at 110 °C. The Schlenk flasks in which
polymerization was carried out were additionally heated to 110 °C in vacuum to
remove traces of water, after which they were cooled and filled with argon.
Filament suitable for 3D printing was extruded from the synthesized polymers
using a Wellzoom single-screw extruder. Printing was carried out on a Creality 3D
printer Ender 3 with “direct” filament feed. Digital models were created using
FreeCAD 0.19. Ultimaker software was used to generate the corresponding G-code

from the 3D model Curav 4.6.1.

3.2. Synthesis of initial phosphine oxides

Method 1. The procedure was carried out in an argon atmosphere. 367 mg
(15.1 mmol) of magnesium turnings were placed in a 25 ml Schlenk flask. The flask
was heated in vacuum to remove traces of water, filling it with argon after cooling.
Then a few iodine crystals were added and heated until violet vapors were released.
After cooling to room temperature, a solution of the corresponding bromide (15.1
mmol) in 2 ml of anhydrous THF was added dropwise with stirring. In some cases,
strong heating was observed, in which case the flask was cooled in an ice bath. The
reaction mixture was stirred at 65 °C for 15 hours. The solution acquired a grayish
tint. After this, the mixture was cooled to 0 °C and a solution of 593 ul (4.6 mmol)
of diethyl phosphite in 2 ml of anhydrous THF was slowly added dropwise and vig-
orously stirring. The reaction mixture was stirred for 2 hours at room temperature.
Then 10 ml of 0.1 N HCI solution was added to the mixture, stirred until the layers
separated, and the mixture was filtered through Celite. The organic layer was sepa-
rated, the aqueous layer was further extracted with CH,Cl, (3 x 10 ml). The com-
bined organic layers were dried over MgSO, and the solvent was evaporated. The
resulting products were purified in different ways: phosphine oxides 1b and 1¢ re-

crystallized from hexane; phosphine oxides 1d and 1g were purified using silica gel
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column chromatography (eluent: diethyl ether : methanol (97:3) for 1d and meth-
ylene chloride : methanol (40:1-20:1) for 1 g) [83] .

Method 2. The procedure was carried out in an argon atmosphere. A 25 ml
Schlenk flask was loaded with 0.345 g (14.2 mmol) of magnesium turnings, 10 ml
of anhydrous THF and several iodine crystals, and then heated until violet iodine
vapor was formed. Then, after cooling the mixture to room temperature, 2.5 g (14.2
mmol) of 2-bromotoluene was added dropwise with vigorous stirring. The reaction
mixture was refluxed for 30 minutes. After this, the mixture was cooled to 0 °C and
a solution of 554 pl (4.3 mmol) of diethyl phosphite in 2 ml of anhydrous THF was
added slowly dropwise and vigorously stirring. The reaction was continued for 2
hours at room temperature. Then, 10 ml of 0.1 N HCI solution was slowly added to
the mixture at 0 °C, followed by additional stirring for 20 min. After this, 10 ml of
MTBE was added to the reaction mixture and stirred for 5 minutes. The organic layer
was decanted, and 15 ml of methylene chloride was added to the remaining gel and
stirred for 5 minutes. The resulting mixture was filtered through a pad of Celite and
washed with methylene chloride. The combined organic layers were dried over
MgSO4 and the solvent was evaporated. The resulting oil was ground with hexane
to obtain a pure product [84].

Method 3. The procedure was carried out in an argon atmosphere. A 25 ml
Schlenk flask was loaded with 0.3 g (12.6 mmol) of magnesium turnings, 5 ml of
anhydrous THF and several iodine crystals, and then heated until violet iodine vapor
was formed. Then, after cooling the mixture to room temperature, a solution of
12.6 mmol of the corresponding bromide in 5 ml of anhydrous THF was added drop-
wise with vigorous stirring. If the reaction with bromide did not start spontaneously,
then the reaction mixture (with a small amount of bromide) was briefly heated (until
the start of the reaction, which is noticeable by the strong heating of the mixture),
and then cooled to room temperature and the remainder of the bromide solution was
added. The reaction mixture was stirred at room temperature for 1 hour. Once com-
plete, the mixture was cooled to 0 °C and a solution 0of 491 pL (3.8 mmol) of diethyl
phosphite in 2 mL of anhydrous THF was slowly added dropwise with vigorous
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stirring. The reaction was continued to stir for 2 hours at room temperature. Then 10
ml of 10% NaHCOj; solution was slowly added to the mixture at 0 °C and stirred for
20 minutes. The resulting mixture was filtered and extracted with ethyl acetate (3 x
10 ml). The organic layer was dried over MgSQO, and the solvent was evaporated.
The resulting product was further purified using silica gel column chromatography
(eluent: methylene chloride : methanol (99:1 for 1f or 40:1-20:1 for 1h)) [85].

Method 4. Phosphine (5 mmol) was stirred without solvent in air at room
temperature for 15 hours. The resulting product was purified by column chromatog-
raphy on silica (eluent: diethyl ether : methanol (97:3)) for 1i or by trituration with
hexane for 1j [86].

3.3. Synthesis and characterization of 1,2-bis(phosphine oxide)ethanes

Method 1. Phosphine oxide (0.25 mmol), potassium fluoride (17 mg, 0.3
mmol), calcium carbide (64 mg, 1 mmol) and DMSO (0.5 ml) were placed into an
8 ml pressure tube, and water (36 pl, 2 mmol) was carefully added. Then the tube
was hermetically sealed and the mixture was stirred at 130 °C for 2 hours. After
cooling to room temperature, the mixture was filtered, the liquid portion was diluted
with water (2 ml), extracted with methylene chloride (3 x 2 ml), treated with brine
(3 x 2 ml) and the organic layer was dried over Na,SO,. After removal of the solvent,
the crude product was washed with cold diethyl ether (3 % 0.5 ml).

Method 2. Phosphine oxide (0.5 mmol), potassium fluoride (35 mg, 0.6
mmol), calcium carbide (128 mg, 2 mmol) and DMSO-ds (1 ml) (or a mixture of
0.05 ml of DMSO-d; and 0.45 ml of dioxane) were placed into an 8 ml pressure tube,
and 80 pl (4 mmol) D,O was carefully added. Then the tube was hermetically sealed
and the mixture was stirred at 130 °C for 5 hours. After cooling to room temperature,
the mixture was filtered, the liquid portion was diluted with water (2 ml), extracted
with methylene chloride (3 x 2 ml), treated with brine (3 x 2 ml) and the organic
layer was dried over Na,SQO4. After evaporation of the solvent, the crude product was

washed with cold diethyl ether (3 % 0.5 ml).
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Ethane-1,2- diylbis(diphenylphosphine oxide) (2a) [ 143].

©\ Q Synthesized by method 1. Yield 105 mg (98%), white pow-

: der, m.p. 272-273 °C. 'H NMR (400 MHz, CDCl5), 3, ppm:

@ 2.51(d,J=2.2Hz,4H), 7.43 (t,J=7.2 Hz, 8H), 7.50 (t, J =

7.2 Hz, 4H), 7.62 — 7.76 (m, 8H). C NMR (101 MHz,

CDCls), o, ppm: 21.0 — 22.7 (m), 128.9 (t, /= 5.9 Hz), 130.9 (t, /= 4.8 Hz), 131.3
—132.9 (m), 132.2. *'PNMR (162 MHz, CDCl;), J, ppm: 32.5.

M Ethane-1,2-diylbis(dihexylphosphine oxide)

¥e)

/\/\/\”/\/ PO~ (2b) [144]. Synthesized by method 1. Yield
W 106 mg (92%), white powder, m.p. 163—

164 °C. "H NMR (400 MHz, CDCL), 3, ppm: 0.76 — 0.97 (m, 12H), 1.20 — 1.35 (m,
16H), 1.34 — 1.45 (m, 8H), 1.47 — 1.63 (m, 8H), 1.62 — 1.81 (m, 8H), 1.90 (d, J= 2.1
Hz, 4H). *C NMR (101 MHz, CDCl), J, ppm: 14.1, 19.5 — 20.6 (m), 21.9, 22.5,
27.5 —28.8 (m), 31.0 (t, J = 7.0 Hz), 31.4. 3'P NMR (162 MHz, CDCl;), J, ppm:
48.4. HRMS (ESI), m/z: [M+H]" calculated for C,sHs,O,P," 463.3828; found
463.3830.

Ethane-1,2-diylbis(dibutylphosphine oxide) (2¢)

0 _0
SSBASC PO~ | [145]. Synthesized by method 1. Yield 70 mg (80%),
A~ white powder, m.p. 173-174 °C. '"H NMR (400 MHz,

CDCls), 0, ppm: 0.90 (t, J= 7.2 Hz, 12H), 1.31 — 1.45 (m, 8H), 1.46 — 1.59 (m, 8H),
1.60 — 1.80 (m, 8H), 1.89 (s, 4H). *C NMR (101 MHz, CDCl5), J, ppm: 13.7, 19.1
—20.7 (m), 23.9,24.3 (t,J="7.1 Hz), 27.1 — 28.6 (m). *'PNMR (162 MHz, CDCl;),
0, ppm: 48.7. HRMS (ESI), m/z: [M+H]" calculated for CisH4O,P," 351.2576;
found 351.2578.
Ethane-1,2-diylbis(di-iso-butylphosphine oxide) (2d) [146].
& Synthesized by method 1. Yield 61 mg (70%), white powder,
J\ m.p. 155-157 °C. 'HNMR (400 MHz, CDCls), J, ppm: 1.08 (d,
\H J=6.6Hz, 12H), 1.09 (d,J=6.6 Hz, 12H), 1.58 — 1.70 (m, 8H),
1.92 (d,J=2.4 Hz, 4H), 2.02 - 2.21 (m, 4H). 3C NMR (101 MHz, CDCl3), 8, ppm:
21.4 —22.9 (m), 23.8 (t, J = 1.7 Hz), 24.8 — 25.2 (m), 37.4 — 39.2 (m). *'P NMR
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(162 MHz, CDCl), J, ppm: 46.4. 3'P NMR (162 MHz, CDCl;), J, ppm: 48.7.
HRMS (ESI), m/z: [M+H]" calculated for C,sH4;0,P,"351.2576; found 351.2577.

Ethane-1,2-diylbis(di-ortho-tolylphosphine oxide) (2e).
/Q Synthesized by method 1. Yield 89 mg (73%), white powder,

0 .
@BNPJQ m.p. 228-233 °C. 'H NMR (400 MHz, CDCL), 8, ppm: 2.23

©/ (s, 12H), 2.63 (d, J = 2.4 Hz, 4H), 7.17 (d, J = 7.4 Hz, 4H),

7.20 —7.32 (m, 4H), 7.39 (t, J= 7.5 Hz, 4H), 7.62 — 7.78 (m,
4H). 3C NMR (101 MHz, CDCLy), 8, ppm: 20.4 — 21.6 (m), 21.2 (¢, J = 2.0 Hz),
1259 (t, J=5.9 Hz), 129.7 — 131.5 (m), 131.8 — 132.5 (m), 141.8 (t, J = 4.4 Hz).
3S'PNMR (162 MHz, CDCL), J, ppm: 34.6. HRMS (ESI), m/z: [M+H]" calculated
for C30H330,P,"487.1950; found 487.1953.

@\ Synthesized by method 1. Yield 118 mg (97%), white pow-
der, m.p. 174-178 °C. '"H NMR (400 MHz, CDCl5), J, ppm:
\© 2.33 (s, 12H), 2.49 (s, 4H), 7.27 - 7.32 (m, 8H), 7.42 — 7.47
(m, 4H), 7.53 — 7.56 (m, 4H). '*C NMR (101 MHz, CDCl;),
o, ppm: 21.5,21.7 —22.5 (m), 127.8 (t, /= 4.8 Hz), 128.8 (t, /= 6.2 Hz), 131.4 (t,
J=4.6 Hz), 131.5 — 132.7 (m), 132.9, 138.9 (t, J = 5.8 Hz). *'P NMR (162 MHz,
CDCL), 6, ppm: 32.9. HRMS (ESI), m/z: [M+H]" calculated for C;0H3;0,P,"
487.1950; found 487.1950.

~ ; Ethane-1,2-diylbis(di-meta-tolylphosphine oxide) (2f).
/O

Ethane-1,2-diylbis(di-para-tolylphosphine oxide)

(2g). Synthesized by method 1. Yield 101 mg (83%),

\©\9 P white powder, m.p. 237-238 °C. '"H NMR (400 MHz,
P

\O\ CDCls), 0, ppm: 2.34 (s, 12H), 2.46 (s, 4H), 7.09 — 7.28

(m, 8H), 7.44 — 7.69 (m, 8H). °C NMR (101 MHz,

CDCly), d, ppm: 21.7, 21.2 — 23.3 (m), 128.5 — 129.1
(m), 129.6 (t, J= 6.0 Hz), 130.9 (t, J= 4.8 Hz), 142.5. ' PNMR (162 MHz, CDCl5),
o, ppm: 33.1. HRMS (ESI), m/z: [M+Na]" calculated for C3oH3,0,P,Na"509.1770;
found 509.1770.
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Ethane-1,2-diylbis(bis(4-methoxyphenyl) phos-
phine oxide) (2h) [147]. Synthesized by method 1.
© Yield 118 mg (86%), white powder, m.p. 179—
180 °C. '"H NMR (400 MHz, CDCl5), J, ppm: 2.41
© (s,4H),3.79 (s, 12H), 6.91 (d,J="7.5 Hz, 8H), 7.39
—7.75 (m, 8H). ¥C NMR (101 MHz, CDCly), 4,
ppm: 20.0 — 23.9 (m), 55.4, 114.4 (t, J = 6.3 Hz),
121.9 — 125.1 (m), 132.7 (t, J = 5.2 Hz), 162.5. 3'P NMR (162 MHz, CDCl;), 4,
ppm: 32.7. HRMS (ESI), m/z: [M+H]" calculated for C30H3306P," 551.1747; found
551.1747.

Ethane-1,2-diylbis(di-zers-butylphosphine oxide) (2i) [146].

(',;?,/\/P//O Synthesized by method 1. Yield 60 mg (69%), white powder,

4\ m.p. 134-136 °C. '"H NMR (400 MHz, CDCl;), J, ppm: 1.18 —

1.29 (m, 36H), 2.01 (s, 4H). *C NMR (101 MHz, CDCl;), 6, ppm: 13.7 — 14.6 (m),

26.6,35.6 —36.6 (m). *'PNMR (162 MHz, CDCI;), J, ppm: 60.7. HRMS (ESI), m/z:
[M+H]" calculated for C;sH410,P,"351.2576; found 351.2579.

Ethane-1,2-diylbis(dicyclohexylphosphine oxide) (2j)

O\O igo [82]. Synthesized by method 1. Yield 76 mg (67%), white

P P@ powder, m.p. 184-188 °C. 'H NMR (400 MHz, CDCl5), 6,

@ ppm: 1.10 — 1.47 (m, 10H), 1.46 —2.23 (m, 14H). *C NMR

(101 MHz, CDCl), o, ppm: 14.8 — 16.2 (m), 25.8 (d, J =

22.0 Hz), 26.0, 26.5 — 27.0 (m), 35.8 — 37.5 (m). *'P NMR (162 MHz, CDCl;), 4,

ppm: 51.8. HRMS (ESI), m/z: [M+H]" calculated for Cy6H490,P," 455.3202; found

455.3201.

(Ethane-1,2-diyl-dybis(diphenylphosphine oxide) (2a-dy).
©\ 5 DQ Synthesized by method 2. Yield 107 mg (99%), white pow-
S der, m.p. 264-266 °C. 'H NMR (400 MHz, CDCl;), J, ppm:
@ 7.44 (t,J="7.1 Hz, 8H), 7.47 - 7.57 (m, 4H), 7.57 — 7.82 (m,
8H). 3C NMR (126 MHz, CDCl5), 6, ppm: 19.9 —22.1 (m),

128.9 (t,J= 5.7 Hz), 130.8 (t, /= 4.4 Hz), 131.1 — 133.1 (m), 132.1. 3'P NMR (162
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MHz, CDCls), J, ppm: 32.5. ZHNMR (77 MHz, CHCl;), 6, ppm: 2.48 (s). HRMS
(ESI), m/z: [M+H]" calculated for CosH21D4O,P,"435.1575; found 435.1575.
(Ethane-1,2-diyl-d,)bis(bis(hexyl-1,1-d>)-

D
/\/\D/\ID\P, D B\i;\/\/ phosphine oxide) (2b-d;2). Synthesized by
/\/\jjg*D D method 2. Yield 107 mg (90%), white powder,
m.p. 163-164 °C. "TH NMR (400 MHz, CDCl5),
Jd, ppm: 0.65 — 1.02 (m, 12H), 1.06 — 1.43 (m, 24H), 1.50 (s, 8H). 1*C NMR (101
MHz, CDCls), d, ppm: 14.1, 18.0 — 20.2 (m), 21.6, 22.5, 26.5 — 28.6 (m), 30.8 (t, J
= 6.8 Hz), 31.4. *'P NMR (162 MHz, CDCls), J, ppm: 48.3. ZH NMR (61 MHz,
CHCL), 6, ppm: 1.66 (s, 8D), 1.83 (s, 4D). HRMS (ESI), m/z: [M+Na]" calculated
for C6H44D1,0,P2Na”497.4394; found 497.4389.
5 (Ethane-1,2-diyl-d,)bis(bis(butyl-1,1-d2)-phosphine
W oxide) (2¢-d;2). Synthesized by method 2. Yield 55 mg
/\/\I\& W (61%), white powder, m.p. 174-175 °C. 'H NMR (400
MHz, CDCl;), J, ppm: 0.77 —0.93 (m, 12H), 1.28 — 1.41
(m, 8H), 1.45 (s, 8H). *C NMR (101 MHz, CDCl;), J, ppm: 13.6, 18.0 — 20.1 (m),
23.6, 24.0 — 24.4 (m), 26.2 — 28.1 (m). *'PNMR (162 MHz, CDCl;), 6, ppm: 48.5.
’HNMR (77 MHz, CHCl5), 8, ppm: 1.65 (s, 8D), 1.83 (s, 4D). HRMS (ESI), m/z:
[M+H]" calculated for C;sH,9D1,0,P,"363.3330; found 463.3329.
(Ethane-1,2-diyl-dybis(bis(2-(methyl-d;)phenyl)phos-
@C% phine oxide) (2e-dis). Synthesized by method 2. Yield 93

j@ mg (74%), white powder, m.p. 228-233 °C. 'H NMR (400

j@ D3C MHz, CDCls), d, ppm: 7.17 (d, J=7.1 Hz, 4H), 7.23 — 7.31

(m, 4H), 7.34 — 7.49 (m, 4H), 7.72 (d.d, J = 12.7, 6.8 Hz,

4H). 3C NMR (101 MHz, CDCls), 6, ppm: 20.0 — 20.8 (m), 125.9 (t, J = 5.9 Hz),

129.9 — 131.4 (m), 132.0 — 132.2 (m), 141.6. 3'PNMR (162 MHz, CDCl;), 6, ppm:

34.5.2HNMR (61 MHz, CHCls), 6, ppm: 2.18 (s, 12D), 2.60 (s, 4D). HRMS (ESI),
m/z: [M+H]" calculated for C3;0H17D160,P," 503.2944; found 503.2949.
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(Ethane-1,2-diyl-dybis(di-ortho-tolylphosphine oxide)
(2e-dy). Synthesized by method 2. Yield 98 mg (80%),
white powder, m.p. 226-230 °C. 'H NMR (400 MHz,
CDCl), o, ppm: 2.23 (s, 12H), 7.17 (d,J=7.4 Hz, 4H), 7.22
—7.31 (m, 4H), 7.39 (t,J=7.5 Hz, 4H), 7.71 (d.d, J=13.0,

6.6 Hz, 4H). 3C NMR (101 MHz, CDCly), 8, ppm: 20.9 — 22.0 (m), 125.9 (¢, J =
5.8 Hz), 129.7 — 131.4 (m), 131.7 — 132.8 (m), 141.7 (t, J = 4.4 Hz). > P NMR (162
MHz, CDCls), d, ppm: 34.5. 2H NMR (77 MHz, CHCls), 8, ppm: 2.61 (s). HRMS
(ESI), m/z: [M+Na]" calculated for C30H,sD40,P,Na"513.2021; found 513.2018.

o

(Ethane-1,2-diyl-dybis(bis(4-methoxyphenyl)
phosphine oxide) (2h-d,). Synthesized by method
2. Yield 102 mg (74%), white powder, m.p. 181—

182 °C. Signal intensities may differ from theoret-

of the aromatic ring. '"H NMR (400 MHz, CDCls),

© : ical due to partial deuteration at the ortho positions
O\

o, ppm: 3.78 (s, 12H), 6.90 (d, /= 7.4 Hz, 5H), 7.57

(s, 8H). BC NMR (101 MHz, CDCl), 6, ppm: 21.5 -22.1 (m), 55.4, 1142 - 114.5
(m), 122.3 — 124.8 (m), 132.2 — 133.2 (m), 162.5. 3*'PNMR (162 MHz, CDCl5), 6,
ppm: 32.8. ZHNMR (61 MHz, CHCI;), J, ppm: 2.40 (s, 4D).6.96 (s, 2D), 7.63 (s,
1D). HRMS (ESI), m/z: [M+Na]" calculated for C3oH,sD70sP,Na*580.2004; found

580.1975.

(Ethane-1,2-diyl-dybis(dicyclohexylphosphine oxide)
(2j-ds) [148]. Synthesized by method 2. Yield 48 mg (42%),
white powder, m.p. 198-199 °C. 'H NMR (400 MHz,
CDCly), d, ppm: 1.09 —1.45 (m, 20H), 1.56 — 2.03 (m, 24H).
BCNMR (101 MHz, CDCls), 6, ppm: 13.3 — 16.1 (m), 25.7

(d,J=23.6 Hz), 26.0,26.2 — 27.4 (m), 34.9 — 38.4 (m). *'PNMR (162 MHz, CDCl;),
d, ppm: 50.8. 2H NMR (77 MHz, CHCl;), J, ppm: 1.84 (s). HRMS (ESI), m/z:
[M+H]" calculated for CosHsD4O,P,"459.3453; found 459.3454.
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3.4. Synthesis and characterization of 1,2-bis(phosphine)ethanes

The reduction of the resulting phosphine oxides was carried out according to
a modified procedure [88]. Phosphine oxide (1 mmol), toluene (3.5 ml) and HSiCls
(2 ml, 20 mmol) were loaded in a 50 ml pressure flask in an argon atmosphere, after
which it was purged with argon and the lid was screwed on. The reaction mixture
was stirred for 5 hours at 100 °C. After this, while cooling in an ice bath, 20 ml of
25% NaOH solution was carefully added, and the formation of white flakes and gas
evolution were observed. The resulting mixture was left to stir overnight. The or-
ganic layer was then separated, the aqueous layer was extracted with diethyl ether
(3 x 20 mL) and washed with brine (3 x 20 mL). The organic layers were combined,
dried over MgSO, and solvent was evaporated. The resulting product was purified
by column chromatography on silica gel (eluent: methylene chloride : methanol

(80:1) for 3a, methylene chloride for 3b and 3e).

© 1,2-bis(diphenylphosphino)ethane (3a) [143]. Yield 295
mg (74%), white powder, m.p. 139-140 °C. '"H NMR (400

P/\/P MHz, CDCls), 3, ppm: 2.10 (t, J = 3.7 Hz, 4H), 7.22 — 7.46

@ (m, 20H). >'P NMR (162 MHz, CDCL), , ppm: -12.5.

1,2-bis(diphenylphosphino)ethane-1,1,2,2-d, (3a-d,) [78].

©\ 5 D© Yield 302 mg (75%), white powder, m.p. 139-140 °C.

"H NMR (400 MHz, CDCls), 8, ppm: 7.28 — 7.41 (m, 20H).

@ 13C NMR (101 MHz, CDCl5), 8, ppm: 22.2 — 24.0 (m), 128.6

(t, J= 3.0 Hz), 128.8, 132.9 (t, J = 9.3 Hz), 138.2 — 138.3

(m).*'PNMR (162 MHz, CDCl5), J, ppm: -13.2. °ZHNMR (61 MHz, CHCL;), 8, ppm:

2.08 (s). HRMS (ESI), m/z: [M+H]" calculated for C,sH,1D4P," 403.1677; found
403.1677.

M 1,2-bis(dihexylphosphino)ethane (3b). Yield

NN NP 46 mg (72%), yellow oil. 'H NMR (400 MHz,
A~ CDCly), &, ppm: 0.88 (t,J= 6.7 Hz, 12H), 1.07
—1.83 (m, 44H). *C NMR (101 MHz, CDCly), J, ppm: 14.2, 22.3 —22.7 (m), 22.7,
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26.0 (t, J= 6.3 Hz), 26.7 — 27.3 (m), 31.3 (t, J = 5.3 Hz), 31.7. > P NMR (162 MHz,
CDCl;), o, ppm: -26.1. HRMS (ESI), m/z: [M+H]" calculated for C,cHs;P,"
431.3930; found 431.3922.
oo \E{)/\/\/ 1,2-bis(bis(hexyl-1,.l-dz)-phosphino)ethane-
P )QDKP e 1,1,2,2-d; (3b-d;2). Yield 46 mg (70%), yellow
WB pPpP oil. '"H NMR (400 MHz, CDCl3), J, ppm: 0.87
(t, J = 6.9 Hz, 12H), 1.11 — 1.65 (m, 32H).
13C NMR (101 MHz, CDCls), 6, ppm: 14.2, 21.4 — 22.6 (m), 22.7, 25.6 — 25.9 (m),
25.9 ~26.4 (m), 31.2 — 31.3 (m), 31.7. *' P NMR (162 MHz, CDCl5), 8, ppm: -28.2.
2HNMR (61 MHz, CHCL), 8, ppm: 1.36 (s, 8D), 1.69 (s, 4D). HRMS (ESI), m/z:
[M-+H]" calculated for C,sHasD 2P, 443.4683; found 443.4677.
1,2-bis(di-ortho-tolylphosphino)ethane (3e) [149]. Yield
/© 35 mg (78%), white powder, m.p. 150-152 °C. '"H NMR (400
@F/\/ Fj@ MHz, CDCL), 8, ppm: 2.06 (t, J= 4.4 Hz, 4H), 2.40 (s, 12H),
©/ 6.99 —7.06 (m, 4H), 7.09 (t, J = 7.4 Hz, 4H), 7.12 — 7.18 (m,
4H), 7.18 — 7.25 (m, 4H). *C NMR (101 MHz, CDCl;), 4,
ppm: 21.0 — 21.6 (m), 22.8 (d, J = 3.7 Hz), 1262, 128.6, 130.2 (t, J = 2.3 Hz),
131.2, 136.3 — 136.7 (m), 142.3 — 142.8 (m). 3'PNMR (162 MHz, CDCls), 5, ppm:
-33.6. HRMS (ESI), m/z: [M+H]" calculated for CsoH33P," 455.2052; found
455.2051.

©\ 1,2-bis(di-ortho-tolylphosphino)ethane-1,1,2,2-d,
@D&P (Be-ds). Yield 28 mg (61%), white powder, m.p. 147—

I D DD 152 °C. '"H NMR (400 MHz, CDCl;), 8, ppm: 2.41 (s, 12H),
\© 6.99 — 7.05 (m, 4H), 7.09 (t, J = 7.4 Hz, 4H), 7.12 — 7.18
(m, 4H), 7.18 — 7.25 (m, 4H). 3C NMR (101 MHz, CDCL;), 6, ppm: 21.1 — 21.6
(m), 126.2, 128.6, 130.0 — 130.4 (m), 131.2, 136.4 — 136.9 (m), 142.3 — 142.8 (m).
3S'IPNMR (162 MHz, CDCls), d, ppm: -34.1. ZHNMR (61 MHz, CHCl;), J, ppm:
2.02 (s). HRMS (ESI), m/z: [M+H]" calculated for C3yHp9D4P,"459.2303; found
459.2302.
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1,2-bis(bis(2-(methyl-d;)phenyl)phosphino)ethane-
@%% D©\CD3 1,1,2,2-d,(3e-d;6). Yield 36 mg (77%), white powder, m.p.
i P>D3<; 151-152 °C. 'H NMR (400 MHz, CDCls), 8, ppm: 6.97 —

3C© D3C 7.06 (m, 4H), 7.10 (t, J = 7.4 Hz, 4H), 7.12 — 7.18 (m, 4H),
7.18 —7.25 (m, 4H). *C NMR (101 MHz, CDCls), 6, ppm:
203 — 21.0 (m), 22.0 — 22.3 (m), 1262, 128.6, 130.2, 131.2, 136.2 — 136.7 (m),
142.1 - 142.8 (m). *'P NMR (162 MHz, CDCls), 8, ppm: -34.1. 2HNMR (61 MHz,
CHCL), 6, ppm: 2.03 (s, 4D), 2.38 (s, 12D). HRMS (ESI), m/z: [M+H]" calculated
for C3oH17D16P>"471.3056; found 471.3061.

3.5. Synthesis and characterization of complexes with the obtained
1,2-bis(phosphine)ethanes

Method 1. NiBr; (82 mg, 0.375 mmol) was dissolved with heating in a mini-
mal amount of methanol (3—4 ml). After this, the hot solution was added through a
filter to a warm solution of 0.25 mmol of the ligand in 1 ml of toluene. At the same
time, a change in the color of the solution from colorless to dark brown was ob-
served. The resulting mixture was refluxed for 2 hours, during which time a red
crystalline precipitate formed. After cooling to room temperature, the resulting pre-
cipitate was filtered, washed with methanol and dried in vacuum [90]. Crystals suit-
able for X-ray diffraction analysis were obtained by slow evaporation of a solvent
(a mixture of methylene chloride and diethyl ether).

Method 2. K,PdCls (20 mg, 0.06 mmol) was dissolved at heating in DMF
(1.25 ml). After this, the hot salt solution was added through a filter to a warm solu-
tion of 25 mg (0.063 mmol) of the ligand 3a in 2 ml of methylene chloride, and a
change in the color of the solution from colorless to yellow was observed. The re-
sulting mixture was refluxed for 2 hours, and a white crystalline precipitate formed.
After cooling to room temperature, the precipitate was filtered off, washed with wa-
ter, diethyl ether and dried in vacuum [91]. Crystals suitable for X-ray diffraction

analysis were obtained by slow evaporation from methylene chloride.
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Ph [1,2-bis(diphenylphosphino)ethane]dibromonickel (II)
Ph\F(\I'D_Ph (NiBr2(3a)) [90]. Synthesized by method 1. Yield 123 mg (80%),
Br red crystals, decomposes above 280 °C. 'H NMR (400 MHz,
CDCls), 0, ppm: 2.06 — 2.16 (m, 4H), 7.50 (t, J = 6.9 Hz, 8H), 7.57 (t, /= 7.3 Hz,
4H), 7.94 — 8.03 (m, 8H). *'PNMR (162 MHz, CDCl;), 8, ppm: 65.6. HRMS (ESI),
m/z: [M-Br]" calculated for CycHp4P,NiBr" 536.9863; found 536.9852.

5 B Doy [1,2-bis(diphenylphosphino)ethane-1,1,2,2-ds]dibromonickel
D /
Ph\\\)(F‘Ph (II) (NiBr2(3a-dys)). Synthesized by method 1. Yield 128 mg

!

/

Ph Br/N “Br (83%), red crystals, decomposes above 280 °C. 'H NMR (400

MHz, CDCly), d, ppm: 7.50 (t, J= 7.4 Hz, 8H), 7.57 (t,J=7.3 Hz, 4H), 7.90 — 8.08

(m, 8H). *'PNMR (162 MHz, CDCl;), J, ppm: 65.0. HRMS (ESI), m/z: [M-Br]"
calculated for C,sH20D4P>NiBr"541.0114; found 541.0100.

o-Tol [1,2-bis(di-ortho-tolylphosphino)ethane] dibromonickel

o-Tol < ﬁfﬁ“’%' (IT) (NiBr2(3e)). Synthesized by method 1. Yield 162 mg

(96%), red crystals, decomposes above 280 °C. Due to low sol-

ubility in organic solvents, it was not possible to record NMR and mass spectra. The
experimental diffraction patterns of the resulting fine-crystalline powder completely

coincide with the diffraction patterns modeled from single-crystalline data.

D DD o-To [1,2-bis(di-ortho-tolylphosphino)ethane-1,1,2,2-d,|di-
o-Tol \\\)4/ P~o-Tol | bromo nickel (IT) (NiBr2(3e-dy)). Synthesized by method 1.
o-Tol 5/ "Br Yield 151 mg (89%), red crystals, decomposes above 280 °C.

Due to low solubility in organic solvents, it was not possible
to record NMR and mass spectra. The experimental diffraction patterns of the re-
sulting fine-crystalline powder completely coincide with the diffraction patterns

modeled from single-crystalline data.

[1,2-bis(bis(2-(methyl-d3)phenyl)phosphino)ethane-
D
D%)f D, 1,1,2,2-dsJdibromonickel (II) (NiBr2(3e-d;s)). Synthe-
P

o P\'T“/\/ Br sized by method 1. Yield 158 mg (92%), red crystals, de-
’ dBr D,C composes above 280 °C. Due to low solubility in organic

CD
i solvents, it was not possible to record NMR spectra and
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mass spectra. The experimental diffraction patterns of the resulting fine-crystalline
powder completely coincide with the diffraction patterns modeled from single-crys-
talline data.
[1,2-bis(diphenylphosphino)ethane]dichloropalladium (1)
(PdCl12(32)) [92]. Synthesized by method 2. Yield 30 mg (87%),
white crystals, decomposes above 270 °C. 'H NMR (400 MHz,
CDCl,), o, ppm: 2.40 — 2.50 (m, 4H), 7.44 — 7.53 (m, 8H), 7.53 — 7.62 (m, 4H),
7.83 —7.93 (m, 8H). *'PNMR (162 MHz, CDCI;), 8, ppm: 63.7. HRMS (ESI), m/z:
[M+Na]" calculated for C,sH,4P>,PdCIpNa* 596.9661; found 596.9672.

D DD, [1,2-bis(diphenylphosphino)ethane-1,1,2,2-d,]dichloropalla-
ph\\l):,""’h dium (II) (PdClLx(3a-d,)). Synthesized by method 2. Yield 31 mg
Ph" o/ Cl (89%), white crystals, decomposes above 270 °C. 'H NMR (400
MHz, CDCls), o, ppm: 7.44 — 7.52 (m, 8H), 7.52 — 7.60 (m, 4H), 7.76 — 8.03 (m,
8H). *'PNMR (162 MHz, CDC]ls), 8, ppm: 63.1. HRMS (ESI), m/z: [M+Na]*, cal-
culated for C,6H2D4P,PdCLNa’ 600.9913; found 600.9920.

3.6. Acetaldehyde synthesis

Optimization of alcohol 4a vinylation. Calcium carbide, potassium fluoride,
calcium hydroxide, isobutyl alcohol was loaded in a 60 ml pressure reactor and water
was carefully added (the amounts of reagents are indicated in Table 2.3). The reactor
was closed and the mixture was stirred at 150 °C for 13 hours. After cooling to room
temperature, the mixture was filtered and analyzed by ! H NMR spectroscopy.

Optimization of hydrolysis 5a. 2% H>SO4 solution (1.1 ml, 61.6 mmol of
water) was loaded into a two-neck flask equipped with a dropping funnel and an
outlet connected to a receiving flask cooled to -20 °C. Then iso-butyl vinyl ether (2
ml, 15.4 mmol, ratio vinyl ether: water 1:4) was added dropwise, and the release of
acetaldehyde was observed, which was immediately captured in the receiving flask.
After adding the entire volume of vinyl ether, the mixture was further stirred at 80 °C
for 1 hour, and then at 100 °C for 2.5 hours, during which time condensation of

acetaldehyde was observed in the receiving flask. The isolated yield of 6 was 54%.
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Stepwise hydrolysis Sa. It was carried out in a similar way to the previous
method, equipment and loadings were the same. The receiving flask was replaced
by a graduated tube cooled to -40 °C. The temperature regime was changed to stir-
ring at 80 °C for 1.5 hours, and then at 100 °C for 0.5 hours. After this, the flask
with the acid solution was cooled to 80 °C and a new portion of vinyl ether was
added, stirring the mixture under the same temperature conditions. In total, the pro-
cess of adding vinyl ether was carried out 4 times. The isolated yield of 6 was 74%.

Method 1 (general procedure for vinylation-devinylation of alcohols).
Calcium carbide (5 g, 78 mmol), potassium fluoride (6.8 g, 117 mmol), potassium
hydroxide (2.2 g, 39 mmol), alcohol (78 mmol, 39 mmol and 26 mmol for monohy-
dric alcohols, diols and glycerol, respectively) were loaded in the pressure reactor
and water (2.1 ml, 117 mmol) was carefully added. The reactor was closed and the
mixture was stirred at 150 °C for 13 hours. After cooling to room temperature, the
mixture was filtered using a Buchner funnel. The precipitate was washed with a sol-
vent (hexane (Table 2.8, alcohols 4b—4c, 4e—4f), ethyl acetate (alcohols 4g—4j) or
heptane (alcohols 4a, 4d)). The organic layer was washed with brine (2 x 5 ml),
dried over Na,SO, and the solvent was removed in vacuo (except alcohols 4a, 4d).
The conversion of alcohol to vinyl ether was determined by 'H NMR spectroscopy.

The resulting mixture, without further purification, was added dropwise to a
2% H,SO4 solution (water : vinyl ether ratio 1:4) in a short-distance distillation unit,
where the receiving flask was cooled to -40 °C. The mixture was stirred at 80 °C for
1 hour and then at 100 °C for 2.5 hours. During the entire reaction time, acetaldehyde
condensed in the receiving flask. The organic layer located in the distillation flask
was separated from the aqueous layer (except for alcohols 4h and 4j). For alcohols
4a and 4d, the solvent was removed under reduced pressure. The conversion of vinyl
ether to acetaldehyde and alcohol was determined using '"H NMR spectroscopy.

Method 2 (preparation of D-labeled compounds). Isobutyl vinyl ether (2
ml, 15.4 mmol) was added dropwise to 1.1 ml of a 2% solution of H,SO4in D,O
(61.6 mmol D,O, vinyl ether : water ratio 1:4) in a short-cut distillation unit, where

the receiving flask was cooled to -40 °C. The mixture was stirred at 80 °C for 3 hours
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and then at 100 °C for 2 hours. The isolated yield of 6-d was 87%. Alcohol 4a-d was
separated from the aqueous layer, the yield of 4a-d was 97%. DI was 100% for 4a-d
and 93% for 6-d.

Method 3 (scaled hydrolysis of 5a). Isobutyl vinyl ether (130 ml, 1 mol) was
added dropwise to 72.6 ml of 2% H,SO4 solution (4 mol water) in a simple distilla-
tion unit, where the receiving flask was cooled to -40 °C. The mixture was stirred at
80 °C for 1 hour and then at 100 °C for 2.5 hours (until distillation was completed).
Next, the distillate containing a small amount of unreacted vinyl ether was re-hydro-
lyzed under the same conditions. The isolated yield of 6 after the second distillation
was 43 g (97%).

Acetaldehyde (6) [150]. Obtained by method 1 and 3 (yield 43 g (97%)),

transparent colorless liquid. "H NMR (400 MHz, CDCls), J, ppm: 2.20 (d,
J=2.9Hz, 3H),9.79 (q,J=2.9 Hz, 1H). ®*CNMR (101 MHz, CDCl5), 6, ppm: 31.1,
200.0. MS (EI), m/z: [M]" calculated for C,H4sO" 44; found 44.

Acetaldehyde in aqueous solutions forms a trimer (paraldehyde).

\(O\( Paraldehyde [151]. Colorless liquid. '"H NMR (400 MHz, D,0), 4,
0\(0 ppm: 1.37 (d, J=5.2 Hz, 9H), 5.28 (q, J = 5.2 Hz, 3H).

Acetaldehyde-2-d (6-d) [152]. Obtained by method 2 (yield 0.6 g

DH,C” o | (87%)), colorless liquid. "H NMR (400 MHz, CDCls), J, ppm: 2.14 —

2.22 (m, 2H), 9.80 (t, J = 2.7 Hz, 1H). *CNMR (101 MHz, CDCI;),

Jd, ppm: 30.8 (t, J = 19.6 Hz), 200.1. 2ZHNMR (61 MHz, toluene), 8, ppm: 2.10 (t, J
= 2.2 Hz). MS (EI), m/z: [M]" calculated for C,H;DO™ 45; found 45.

2-methylpropan-1-ol-d (4a-d) [153]. Obtained by method 2 (yield 1.1

)\/ opb g (97%)), colorless liquid. "H NMR (400 MHz, CDCl;), J, ppm: 0.89

(d,J=6.7 Hz, 6H), 1.74 (n, J= 6.6 Hz, 1H), 3.37 (d, /= 6.5 Hz, 2H). "CNMR (101

MHz, CDCl;), 6, ppm: 19.0, 30.9, 69.7. °’H NMR (61 MHz), J, ppm: 5.09 (s).

3.7. Synthesis and characterization of vinyl ethers of terpene alcohols

Method 1. Potassium fluoride (58 mg, 1.2 mmol), potassium hydroxide (56
mg, 1.2 mmol), alcohol (1 mmol), calcium carbide (192 mg, 3 mmol), DMSO (0.5
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ml) were loaded in an 8 ml pressure tube, then water (108 ul, 6 mmol) carefully
added and screwed on the cap. The reaction mixture was stirred for 4-5 hours at
130 °C. After cooling, the mixture was filtered, extracted with hexane (3 x 2 ml),
then the organic layer was washed with brine (3 x 2 ml), dried over sodium sulfate
and the solvent was removed under reduced pressure. Further purification was car-
ried out using column chromatography on deacidified silica gel (eluent hexane or
hexane : diethyl ether).

Method 2. 2,5-DHMF (32 mg, 0.25 mmol), potassium fluoride (44 mg, 0.3
mmol), calcium carbide (128 mg, 1.5 mmol), DMSO (0.5 ml) and water (54 pl, 3
mmol) were loaded in an 8 ml pressure tube. The tube was tightly closed with a lid
and the mixture were stirred for 6 hours at 100 °C. After cooling, the reaction mix-
ture was filtered through cotton wool and extracted with diethyl ether (4 % 2 ml).
The ether layer was washed with brine (3 x 2 ml) and dried over Na;SOs, after which
the solvent was evaporated. Pure divinyl ether was obtained using column chroma-
tography on deacidified silica gel (a mixture of diethyl ether : hexane (1:60) was
used as an eluent). For polymerization, divinyl ether was additionally dried over
CaH; for 12 hours and distilled in vacuum at 70 °C (150 mbar).

Method 3. Potassium fluoride (2.0 g, 35 mmol), potassium hydroxide (1.8 g,
31 mmol), terpene alcohol (30 mmol), calcium carbide (3.84 g, 60 mmol) and
DMSO (30 ml) were placed in a 100 ml pressure flask, and then water (2.5 ml, 139
mmol) was slowly added. The flask was sealed and the mixture was stirred at 130 °C
for 5 hours. After cooling, the mixture was filtered through a Buchner funnel, ex-
tracted with pentane (4 x 30 ml), treated with brine (3 < 30 ml) and the organic layer
was dried over Na,SO,. After removal of the solvent, the product was purified by
column chromatography on deacidified silica gel using pentane (or a pentane: ethyl

acetate mixture) as eluent.

(1S,2R ,4R)-1-isopropyl-4-methyl-2-(vinyloxy)cyclohexane

@ (5f) [154]. Synthesized by method 1 (yield 158 mg (87%)) and
: 07N method 3 (yield 3.5 g (65%)), colorless liquid. "H NMR (400
- MHz, CDCI3), o, ppm: 0.78 (d, J = 7.0 Hz, 3H), 0.83 — 0.95 (m,




125

7H), 0.95 — 1.08 (m, 2H), 1.29 — 1.48 (m, 2H), 1.55 — 1.75 (m, 2H), 2.01 —2.16 (m,
2H), 3.52 (d.t, J=10.7, 4.3 Hz, 1H), 3.94 (d.d, J= 6.5, 1.3 Hz, 1H), 4.28 (d.d, J =
14.1, 1.3 Hz, 1H), 6.32 (d.d, J= 14.1, 6.5 Hz, 1H). 3CNMR (101 MHz, CDCl5), J,
ppm: 16.5, 20.9,22.3,23.7,26.0, 31.6, 34.6, 41.0, 47.9, 80.0, 87.7, 151.5.
(1S,2S8,4R)-1,7,7-trimethyl-2-(vinyloxy)bicyclo[2.2.1]heptane
(5k) [47]. Synthesized by method 1 (yield 134 mg (75%)) and
\_/ | method 3 (yield 4.4 g (82%)), colorless liquid. 'HNMR (400 MHz,
CDCls), o, ppm: 0.82 — 0.94 (m, 9H), 1.07 (d.d, J = 13.4, 3.3 Hz,
1H), 1.16 — 1.33 (m, 2H), 1.64 — 1.70 (m, 1H), 1.70 — 1.78 (m, 1H), 2.00 (m, 1H),
2.22 (m, 1H), 3.94 (d.d, J= 6.7, 1.3 Hz, 1H), 4.01 (d.d, /=94, 2.4 Hz, 1H), 4.12
(d.d, J=14.3, 1.3 Hz, 1H), 6.40 (d.d, J = 14.3, 6.7 Hz, 1H). 'CNMR (101 MHz,
CDCl), o, ppm: 13.8,19.0, 19.9, 26.9, 28.1, 36.5,45.2,47.9,49.3, 84.0, 87.1, 152.0.

(1S,2R,45)-1,3,3-trimethyl-2-(vinyloxy)bicyclo[2.2.1]heptane
éw/ (51) [155]. Synthesized by method 1 (yield 165 mg (92%)) and
method 3 (yield 4.6 g (85%)), colorless liquid. '"HNMR (400 MHz,
CDCl), d, ppm: 0.88 (s, 3H), 0.98 — 1.04 (m, 1H), 1.06 (s, 3H), 1.09 (s, 3H), 1.14
(d.d, J=10.2, 1.2 Hz, 1H), 1.36 — 1.47 (m, 1H), 1.47 — 1.54 (m, 1H), 1.64 — 1.84
(m, 3H), 3.36 (d, /= 1.5 Hz, 1H), 3.90 (d.d, J=6.5, 1.3 Hz, 1H), 4.26 (d.d, /= 14.1,
1.3 Hz, 1H), 6.32 (d.d, J= 14.1, 6.5 Hz, 1H). *CNMR (101 MHz, CDCl;), &, ppm:
19.8, 20.5, 26.1, 26.3, 31.0, 40.1, 41.5, 48.8, 49.2, 87.3, 92.7, 153.5.
(R)-2,6-dimethyl-8-(vinyloxy)oct-2-ene (S5m) [156]. Synthe-
J sized by method 1 (yield 170 mg (93%)), colorless liquid. 'H
1 ° NMR (400 MHz, CDCls), d, ppm: 0.92 (d, J = 6.6 Hz, 3H), 1.13
—1.24 (m, 1H), 1.30 — 1.40 (m, 1H), 1.41 — 1.53 (m, 1H), 1.53 —
1.65 (m, 4H), 1.66 — 1.77 (m, 4H), 1.87 — 2.12 (m, 2H), 3.64 — 3.77 (m, 2H), 3.97
(d.d,J=6.8,1.8 Hz, 1H), 4.17 (d.d, J=14.3, 1.8 Hz, 1H), 5.02 — 5.18 (m, 1H), 6.46
(d.d,J=14.3, 6.8 Hz, 1H). ® C NMR (101 MHz, CDCl5), J, ppm: 17.8, 19.6, 25.6,
25.9,29.7, 36.1, 37.3, 66.5, 86.3, 124.8, 131.4, 152.1. HRMS (ESI), m/z: [M]" cal-
culated for C;,H,,0Ag", 289.0716; found 289.0714.

)
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(1S,3R,5R)-1,2,2-trimethyl-3-((1R,2R)-2-methyl-2-

((vinyloxy)methyl)cyclopropyl)methyl)bicy-
S0 O~

clo[3.1.0]hexane (5n). Synthesized by method 1 (yield

218 mg (88%)) as a mixture of two isomers, colorless
liquid. 'H NMR (400 MHz, CDCls), J, ppm: -0.06 —-0.01 (m, 1H), 0.01 — 0.08 (m,
3H), 0.46 — 0.52 (m, 2H), 0.54 — 0.65 (m, 4H), 0.75 — 0.80 (m, 6H), 0.89 (s, 6H),
0.97 —1.02 (m, 3H), 1.04 (s, 7H), 1.11 — 1.15 (m, 6H), 1.15 — 1.26 (m, 4H), 1.30 —
1.48 (m, 3H), 1.80 — 1.95 (m, 2H), 3.30 — 3.45 (m, 4H) , 3.93 —3.96 (m, 2H), 4.09 —
4.19 (m, 2H), 6.45 — 6.56 (m, 2H). *C NMR (101 MHz, CDCl;), J, ppm: 13.9, 14.0,
15.5,16.1,16.8,17.3,17.4,17.4, 19.0, 19.6, 19.8, 20.0, 21.3, 21.7, 22.6, 22.7, 22.9,
28.9,29.6,31.3,31.4,32.4,32.5,41.2,41.4,44.8,45.1,77.5,77.7, 86.0, 86.1, 152.3.
HRMS (ESI), m/z: [M] " calculated for C17HsOAg", 355.1186; found 355.1194.
\ l Ao (1R,2S,5R)-6,6-dimethyl-2-((vinyloxy)methyl)bicyclo
[3.1.1]heptane (50). Synthesized by method 1 (yield 148 mg
(82%)), colorless liquid. 'HNMR (400 MHz, CDCls), J, ppm: 0.95 (d, J = 9.6 Hz,
1H), 0.99 (s, 3H), 1.20 (s, 3H), 1.37 - 1.56 (m, 1H), 1.81 —2.05 (m, 5H), 2.30 — 2.50
(m, 2H), 3.58 —3.66 (m, 2H), 3.95 (d.d, J= 6.8, 1.8 Hz, 1H), 4.15 (d.d, J=14.3, 1.7
Hz, 1H), 6.46 (d.d, J = 14.3, 6.8 Hz, 1H). *C NMR (101 MHz, CDCls), &, ppm:
19.0, 23.5, 26.1, 28.1, 33.2, 38.7,40.9, 41.5, 43.4, 73.1, 86.2, 152.3. HRMS (ESI),
m/z: [M]" calculated for C;,H,00Ag", 287.0560; found 287.0571.
wo ~ | (4-methyl-5-(vinyloxy)pentyl)benzene (Sp). Synthe-
sized by method 1 (yield 180 mg (88%)), colorless liquid.
'"HNMR (400 MHz, CDCls), d, ppm: 0.96 (d, J = 6.7 Hz, 3H), 1.15 — 1.31 (m, 1H),
1.43 —1.57 (m, 1H), 1.57 = 1.77 (m, 2H), 1.79 — 1.91 (m, 1H), 2.53 — 2.69 (m, 2H),
347 (d.d,J=9.5,6.6 Hz, 1H), 3.55 (d.d,J=9.5,6.0 Hz, 1H), 3.97 (d.d, /J=6.8, 1.7
Hz, 1H), 4.17 (d.d, J = 14.3, 1.7 Hz, 1H), 6.48 (d.d, J = 14.3, 6.8 Hz, 1H), 7.15 —
7.24 (m, 3H), 7.24 —7.33 (m, 2H). *C NMR (101 MHz, CDCl;), 6, ppm: 17.1, 29.0,
33.1, 33.3, 36.3, 73.4, 86.2, 125.8, 128.4, 128.5, 142.7, 152.3. HRMS (ESI), m/z:
[M] " calculated for C;4H,0OAg", 311.0565; found 311.0556.
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2,5-bis((vinyloxy)methyl)furan (Sr-1I) [157]. Synthe-
/\o O
/\E/)’\O sized by method 2 (yield 27 mg (30%)), yellow liquid.
"H NMR (400 MHz, CDCly), J, ppm: 4.10 (d.d, *J yn =
6.8,2Jun=2.3,2H),4.31 (d.d, 3 Jun=14.3,2J yu = 2.3, 2H), 4.69 (s, 4H), 6.35 (s,
2H), 6.51 (d.d, *J yu=14.3 Hz, > J yn = 6.8, 2H). *C NMR (101 MHz, CDCl;), §,
ppm: 62.5,87.9,110.7, 151.0, 151.3.

3.8. Synthesis and characterization of polymers

Before polymerization, all vinyl ethers were dried over calcium hydride and
vacuum distilled using the “Kugelrohr” system (vacuum shortcut distillation).

Method 1. Vinyl ether (1.5 mmol) and dry argonized toluene (0.5 ml) were
loaded into a Schlenk flask pre-dried in vacuum in an argon atmosphere. The flask
was sealed with a septum and stirred for 10 minutes at -40 °C. After this, 0.5 ml of
a solution of the initiator in toluene (2 mol% boron trifluoride etherate). At this time,
the solution turned yellow and thickened. The reaction mixture was stirred for 24
hours at -40 °C, after which 15 ml of methanol was added to precipitate the resulting
polymer. The resulting white flakes were decanted, dried, and reprecipitated three
times with methanol from a solution in chloroform. The resulting polymer was dried
in vacuum at 40 °C for two days.

Method 2. Vinyl ether (135 mg, 0.75 mmol) and toluene (0.25 ml) were
loaded into a Schlenk flask pre-dried in vacuum under an argon atmosphere. The
flask was sealed with a septum and stirred for 10 minutes at -10 °C. After this, 0.3
ml of a solution of the initiator in toluene (2 mol% boron trifluoride etherate). At
this time, the top of the solution immediately thickened (formation of a cross-linked
polymer). The reaction mixture was stirred for 24 hours at -10 °C, after which meth-
anol (10 ml) was added to precipitate the resulting polymer. The resulting white
flakes were decanted and dried in vacuum at 40 °C for two days.

Method 3. Vinyl ether (12 mmol) and dry argonized toluene (6 ml) were
loaded into a Schlenk flask pre-dried in vacuum under an argon atmosphere. The

flask was sealed with a septum and stirred for 10 minutes at -20 °C. After this, 3 ml
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of a solution of initiator in toluene (2 mol% boron trifluoride etherate). At this time,
the solution turned brown and thickened. The reaction mixture was stirred for 24
hours at -20 °C, after which the reaction mixture was poured into 25 ml of methanol
to precipitate the resulting polymer. The precipitated polymer was filtered, dried,
and reprecipitated three times with methanol from a solution in chloroform. The re-
sulting polymer was dried in vacuum at 40 °C for two days.

LccH) Polymer 7f [158]. Synthesized by method 1 (yield 140 mg (76%))
2
| "n

MHz, CDCls), o, ppm: 0.52 — 1.09 (m, 12H), 1.13 (s, 1H), 1.34 (s,
1H), 1.63 (s, 3H), 1.90 — 2.33 (m, 2H), 2.80 — 4.02 (m, 2H). 3C
NMR (101 MHz, CDCls), 0, ppm: 16.7, 21.6,22.9,23.6,25.1,31.8, 34.9,41.3, 48.7,
68.1, 73.2.

~H,Cc-CH}-
| " and method 3 (yield 3.2 g (99%)). White powder. '"H NMR spec-

0

% trum (400 MHz, CDCl3), 6, ppm: 0.84 (s, 9H), 0.97 — 1.52 (m, 4H),
1.54 — 1.90 (m, 3H), 2.09 (s, 2H), 3.10 — 3.88 (m, 2H). *C NMR
(101 MHz, CDCl3), 9, ppm: 14.1, 19.2, 20.0, 26.9, 28.5, 36.7, 38.4,41.5,45.4, 47 .8,
49.2,49.6,71.2,79.8, 82.4.

Polymer 71 [155]. Synthesized by method 1 (yield 133 mg (74%))
and method 3 (yield 3.2 g (99%)). White powder. 'H NMR (400
MHz, CDCls), d, ppm: 0.57 — 2.14 (m, 18H), 3.10 (s, 1H), 3.67 (s,
1H). ®C NMR (101 MHz, CDCL), 6, ppm: 20.9, 22.3, 26.4, 31.5,
39.6,41.6,48.9, 49.6, 74.6, 88.4.

\O%o/ and method 3 (yield 3.1 g (95%)). White powder. 'H NMR (400

Polymer 7k [155]. Synthesized by method 1 (yield 146 mg (81%))

+H20—?H+
n
o)

Trccnt Polymer 7m. Synthesized by method 1 (yield 208 mg (85%)), col-
cl) " orless viscous liquid. '"HNMR (400 MHz, CDCls), 6, ppm: 0.88 (d,
\&( J=4.6 Hz, 3H), 1.00 — 1.22 (m, 1H), 1.22 — 1.43 (m, 2H), 1.41 —
1.72 (m, 10H), 1.70 — 2.10 (m, 3H), 3.23 — 3.67 (m, 3H), 4.97 —

5.16 (m, 1H). 3C NMR (101 MHz, CDCl3), 6, ppm: 17.8, 19.8, 25.6, 25.8, 29.9,
37.6,38.9 — 40.6,41.2 — 42.4, 66.6 — 68.6, 73.9, 124.0 — 125.7, 131.0.
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{H,C-CHY Polymer 7n. Synthesized by method 1 (yield 176 mg (71%)).
[ 'n

0O White powder. '"HNMR (400 MHz, CDCl;), 6, ppm: -0.21 —
0.08 (m, 2H), 0.34 — 0.62 (m, 3H), 0.64 — 0.81 (m, 3H), 0.81
—1.26 (m, 12H), 1.26 — 1.52 (m, 2H), 1.52 — 1.71 (m, 1H),

1.71 — 1.98 (m, 2H), 2.86 — 3.66 (m, 3H).

+H,c-CHY- Polymer 70. Synthesized by method 1 (yield 149 mg (82%)).
| 'n
o}

9.4 Hz, 1H), 0.97 (s, 3H), 1.18 (s, 3H), 1.35 — 1.61 (m, 2H), 1.69

White powder. '"H NMR (400 MHz, CDCL;), J, ppm: 0.91 (d, J =
é< _2.11 (m, 6H), 2.13 — 2.45 (m, 2H), 3.05 — 3.72 (m, 3H).

Polymer 7p. Synthesized by method 1 (yield 147 mg
wiﬁ (72%)), viscous white liquid. "H NMR (400 MHz,

CDCl), 6, ppm: 0.87 (s, 3H), 1.10 (s, 1H), 1.30 — 1.73
(m, 5H), 1.83 (s, 1H), 2.39 — 2.65 (m, 2H), 2.88 — 3.73 (m, 3H), 7.11 (t, J = 8.0 Hz,
3H), 7.21 (t,J=7.2 Hz, 2H).

Cross-linked polymer 7r. Obtained from vinyl ether Sr-II according to

method 2. Yield 96 mg (71%), white powder. Insoluble in organic solvents.

3.9. Polymer pyrolysis

All operations were carried out in an argon atmosphere. The tube furnace was
preheated to 750 °C. Then a sample of the polymer was placed in the far part of the
quartz tube and the tube was pushed into the oven (in the case of polymers 7k and
70, first, heated the end of the tube in which there was no sample, and then moved
the tube further and heated the part with the sample).

Pyrolysis of polymer 7f: loading 25 mg, rapid heating to 415 °C, then heating
to 650 °C for 5 minutes, then another 5 minutes to 720 °C, then very slowly increas-
ing the temperature. During the first minutes, a yellow liquid appeared on the walls
of the extended part of the tube and a small amount of white smoke was released.
After 30 minutes of pyrolysis, the tube was removed and cooled. In the part of the

tube that initially contained the sample, the substance was absent after pyrolysis. The
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liquid part was washed off with methylene chloride, the solvent was evaporated, and
the mixture was analyzed by '"H NMR and GC-MS.

Pyrolysis of polymers 7k and 7o: loading 20 mg, rapid heating to 745 °C,
then very slowly increasing the temperature. During the first minutes, a yellow liquid
appeared on the walls of the extended part of the tube and, in the case of polymer
7Kk, a large amount of white smoke was observed. After 30 minutes of pyrolysis, the
tube was removed and cooled. In the part of the tube that initially contained the
sample, the substance was absent after pyrolysis. The liquid part was washed off
with methylene chloride, the solvent was evaporated, and the mixture was analyzed
by '"H NMR and GC-MS.

Pyrolysis of polymer 7k (150 mg): pyrolysis was carried out at 400 °C in a
quartz tube, on one side of which there was a continuous supply of argon, and on the
other side it was connected in series with 3 traps: the first was cooled with ice, the
second was filled with CDCls (5 ml), third — CsDg (1 ml). The polymer loading was
150 mg. After pyrolysis, a solid residue remained, insoluble in methylene chloride
(3 mg). The liquid part from the first trap, combined with the part washed out of the
tube with methylene chloride, after evaporation, was 117 mg. The contents of traps
2 and 3, as well as the part washed out with methylene chloride, were analyzed by
'H and *C NMR, as well as GC-MS.

Pyrolysis of polymer 7f (300 mg): Pyrolysis was carried out at 450 °C in a
quartz tube connected to argon and a trap, cooled to -40 °C by a cryostat. Polymer
(300 mg) was loaded into the back of the tube, then the tube was placed in a pre-
heated oven. Pyrolysis was carried out for 30 minutes. The liquid part (172 mg (yield
67% in terms of alcohol)) was washed out of the tube with methanol and used for

further reduction. After pyrolysis, solid residue (31 mg, 10%) remained in the tube.
3.10. Obtaining material for 3D printing from the obtained polymers
Adding a plasticizer to a polymer. Polymer 7f (10 g) was mixed in a mortar

with 3 g of plasticizer (menthol or menthone). Then the mixture was placed in an

oven heated to 100 °C, where the softened mixture was stirred until homogenized.
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After cooling, the composite material was crushed to pieces of approximately 2 % 3
X 3 mm 1n size, suitable for an extruder.

Filament extrusion for 3D printing. Material in the form of small pieces
(1520 g) was passed through extruder heated to 75 °C (for a polymer 7f composite
with the addition of 30 wt% menthol) until a filament with a diameter of 1.6—1.8 mm
without visible irregularities is obtained (usually 3 - 10 cycles).

3D printing. Printing with the resulting material was carried out by direct
feeding of filament into the printer nozzle. Optimal printing conditions for polymer
7f composite with the addition of 30 wt% menthol: layer thickness — 0.2 mm, print-
ing temperature — 125 °C, heating surface temperature — 40 °C, airflow 60%, print
head speed 10 mm/s.



132
CONCLUSION

Based on the work carried out, the following conclusions can be drawn:

1. The reaction of nucleophilic addition of phosphine oxides to acetylene from
calcium carbide occurs both with and without the addition of a base;

2. Hydrolysis of calcium carbide with D,O in the synthesis of phosphine com-
pounds ligands allows the introduction of a deuterium label into the resulting 1,2-
bis(phosphine oxide)ethane. By varying the ratio of DMSO-d; to dioxane, it is pos-
sible to introduce different numbers of deuterium atoms into the product. Reduction
of the resulting phosphine oxide and subsequent complexation does not affect the
deuterium label.

3. Alcohols vinylation with calcium carbide can occur in the solvent absence.

4. Pyrolysis of polymers obtained from vinyl ethers of terpene alcohols leads
mainly to a mixture of the initial alcohol and the corresponding carbonyl compound.
Reduction of this mixture allows the polymer to be re-obtained from the resulting
alcohol with the same characteristics.

The following results were achieved in the dissertation work:

1. A method for the synthesis of both deuterium-labeled and unlabeled phos-
phine compounds ligands using the reaction of nucleophilic addition of phosphine
oxides to acetylene generated in situ from calcium carbide has been developed;

2. A cyclic method for the production of acetaldehyde using the sequential
reaction of alcohols vinylation by calcium carbide and hydrolysis of the resulting
vinyl ethers in an acidic medium with complete recycling of products without the
use of solvents has been developed;

3. A method for the synthesis and recycling of polymers from renewable raw
materials: natural alcohols and calcium carbide has been developed. It has been
shown that the resulting polymers can be used to produce material for 3D printing.

We can conclude that the main tasks of the dissertation research have been
completed and the goal has been achieved. The results obtained may be useful for

organic synthesis and the chemical industry.
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LIST OF ABBREVIATIONS

2,5-di(hydroxymethyl)furan
three-dimensional
5-(hydroxymethyl)furfural
acrylonitrile butadiene styrene
acetyl

azobisisobutyronitrile

alkyl

aryl

atmosphere

boiling temperature

butyl

dispersion

deuterium incorporation
dimethylacetamide
dimethylformamide

dimethyl sulfoxide
1,2-bis(diphenylphosphino)ethane
differential scanning calorimetry
electrospray ionization

ethyl

fused deposition modeling

gram

gas chromatography-mass spectrometry
gel permeation chromatography
hour

Hammett's acidity function
heterocycle
hexamethylphosphortriamide
liter

melting temperature

menthol

mentone

methyl

milligram

minute

milliliter

number average molecular weight
weight average molecular weight
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PLA
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Pr

RC
SEM
SSIC
TEMPO
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V.E.
XRD
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nuclear magnetic resonance
nucleophile

polyethylene terephthalate glycol
phenyl

polylactide

poly(vinyl ether of menthol)
propyl

resource center

scanning electron microscope
spin-spin interaction constant
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl
tertiary

thermogravimetric analysis
tetrahydrofuran

thin layer chromatography
thermomechanical analysis

vinyl ether

X-ray diffraction analysis

yield
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