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Abstract—Addition polymerization of 3-methyl-3-phenylcyclopropene and 3,3-di(n-propyl)cyclopropene in 
the presence of a palladium complex containing an acyclic diaminocarbene ligand was studied. When activated 
with the organoborate (Na+[B(3,5-(CF3)2C6H3)4]–), such complex catalyzes the addition polymerization of 
substituted cyclopropenes. The polymerization occurs selectively without opening of the cyclopropane ring. 
The copolymerization of 3,3-di(n-propyl)cyclopropene with a monomer of the norbornene series (5-ethylidene-
2-norbornene) was monitored by a decrease in the intensity of the characteristic signals in the 1H NMR spectra 
of the corresponding monomers. The substituted cyclopropenes were found to be more active monomers than 
norbornenes in the addition polymerization. The addition homopolymers of 3-methyl-3-phenylcyclopropene and 
3,3-di(n-propyl)cyclopropene were characterized by diff erential scanning calorimetry, thermogravimetric analysis, 
and X-ray diff raction.
Keywords: addition polymerization, cyclopropene, 5-ethylidene-2-norbornene, palladium complexes, 
diaminocarbene ligand
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Addition polymers based on strained cycloolefi ns, as 
a rule, have high glass transition point, exhibit high heat 
and chemical resistance, and contain rigid backbones [1], 
which makes them promising as membrane materials 
for gas separation and pervaporation, as sorbents for 
gas transportation and storage, and as materials for 
micro- and optoelectronics. The key factors governing 
the choice of a cycloolefi n derivative as a monomer 
are commercial availability and polymerization 
activity, which depends on the ring strain. Today, the 
majority of examples of addition polymerization are 
restricted to norbornene structures (see, e.g., [2–4]), 
whereas there are also other commercially available 
monomers with a strained ring. One of examples of 
such cycloolefi ns is cyclopropene. Only scarce data on 
addition polymerization of cyclopropenes are available 
[5–7]. Furthermore, the authors of the published papers 
have not found eff ective catalytic systems ensuring 

preparation of polymer products with the molecular 
masses suffi  cient for further studying the mechanical 
and gas-transport properties of polycyclopropenes. 
Taking into account high reactivity of the cyclopropene 
ring in polymerization due to high ring strain, it is 
necessary to fi nd catalytic systems that would not only 
eff ect polymerization of these monomers to obtain high-
molecular-mass products but also catalyze specifi cally 
the selective reaction involving double bonds with the 
preservation of the cyclopropane ring.

As shown previously, catalytic systems based on 
palladium complexes with N-heterocyclic carbene 
ligands exhibit high activity in addition polymerization 
of cycloolefi ns, catalyze the polymerization of 
monomers with diff erent functional bonds selectively 
via endocyclic double bond, and are insensitive to 
atmospheric oxygen and traces of water [3, 8–10]. The 
activity of these systems is determined by the structure 



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  96  No.  12  2023

1049ADDITION  POLYMERIZATION  OF  3,3-DISUBSTITUTED  CYCLOPROPENES

of the carbene ligand. We discovered previously [11] a 
new type of catalytic systems containing related acyclic 
diaminocarbene ligands for the addition polymerization 
of norbornenes. These Pd complexes, when activated 
with organoboron compounds, catalyze the addition 
polymerization of alkyl-substituted norbornenes to form 
high-molecular-mass soluble products. Therefore, it is 
topical, fi rst, to further evaluate the catalytic potential of 
a new type of systems based on Pd complexes containing 
acyclic diaminocarbene ligands and, second, to prepare 
addition polymers from substituted cyclopropenes and 
to study their properties.

This study was aimed at establishing the possibility 
of performing the addition polymerization of substituted 
cyclopropenes in the presence of a catalytic system 
based on a palladium complex containing an acyclic 
diaminocarbene ligand, at evaluating the activity of this 
catalytic system in the reaction, and at characterizing the 
polymer products obtained.

EXPERIMENTAL

3-Methyl-3-phenylcyclopropene (М1) was prepared 
as described previously [12]. Methylene chloride 
[HPLC purity (>99.9%), Khimmed, Russia, Тb = 40–
41°С] was refl uxed over CaH2 (96%, catalog no. UN 
1404) in an argon fl ow (99.998%, Argon, Russia) for 
5 h and distilled. Chloroform (chemically pure grade, 
Khimmed, Тb = 61–62°С) was refl uxed over CaH2 in an 
argon fl ow for 5 h and distilled. NaH (95%, Khimmed, 
catalog no. 22344-1), dimethyl sulfoxide (chemically 
pure grade, Komponent-Reaktiv, Russia, catalog 
no. 2-451-11), methyltriphenylphosphonium bromide 
(98%, Merck, catalog no. 130079), 4-heptanone 
(98%, Merck, catalog no. 101745), tetrahydrofuran 
[HPLC purity (>99.9%), Panreac, catalog no. 361736], 
HgCl2 (98%, Merck, catalog no. 413445), NH4Cl 
(analytically pure grade, REAKhIM, Russia, catalog 
no. 010316), cetyltrimethylammonium bromide 
(hexadecyltrimethylammonium bromide, >99%, 
Acros Organics, catalog no. 22716-0100), bromoform 
(pure grade, LenReaktiv, Russia, catalog no. 181245), 
NaCl (pure grade, Komponent-Reaktiv, catalog 
no. 2-245-10), MgSO4·7H2O (chemically pure grade, 
REAKhIM, catalog no. 120054), Mg (chemically 
pure grade, Komponent-Reaktiv, catalog no. 3-303-
10), potassium tert-butylate (≥98.0%, Merck, catalog 

no. 804918), isopropanol [HPLC purity (>99.9%), 
Panreac, catalog no. 361090], tert-butanol (≥99.5%, 
Merck, catalog no. 471712), Na2SO4 (chemically pure 
grade, LenReaktiv, catalog no. 130246), n-pentane 
(analytically pure grade, Komponent-Reaktiv, catalog 
no. 1-711-15), tricyclohexylphosphine (>98%, ABCR 
GmbH, catalog no. 264139), 4-heptanone (98%, Acros 
Organics, catalog no. 14655-5000), and n-hexane 
(chemically pure grade, Komponent-Reaktiv, catalog 
no. 2-008-06) were used without additional purifi cation. 
The palladium complex containing the acyclic 
diaminocarbene ligand [Pd1 (I)] was synthesized as 
described previously [13]. tert-Butyl isocyanide (97%, 
Acros Organics, catalog no. 403600010) and PdCl2 
(59% Pd, Acros Organics, catalog no. 195200050) were 
used without additional purifi cation. Diethylamine 
(≥99.0%, Alfa Aesar, catalog no. A11716.AE, Тb = 
56–57°С) was refl uxed over CaH2 in an argon fl ow for 
5 h and distilled. Acetonitrile [HPLC purity (>99.9%), 
Khimmed] was dehydrated on an SPS-7 solvent 
purifi cation installation (MBraun).

The conversion of the monomers in addition polym-
erization was monitored by 1Н NMR spectroscopy.

The NMR spectra were recorded using CDCl3 
(99.96%, Sigma–Aldrich, catalog no. 212-742-4). 
The NMR spectra of the monomers and intermediates 
were recorded with a Fourier 300 HD NMR spectrometer 
(Bruker Corporation) at frequencies of 300.1 MHz for 
1H and 75.5 MHz for 13С. The NMR spectra of the 
polymers were recorded with a Bruker AVANCE III 
HD NMR spectrometer operating at 400.1 MHz for 
1H and 100.6 MHz for 13С. The chemical shifts were 
determined relative to the residual proton signal of 
chloroform (7.24 ppm, 1Н NMR) and chloroform carbon 
signal (77.00 ppm, 13С NMR).

Analysis by gas chromatography–mass spectrometry 
was performed with a MAT 95 XL mass spectrometer 
(Finnigan) coupled with an HP 6890+ chromatograph 
(Agilent). The mass spectra were taken under the 
following conditions: electron ionization (ionization 
energy 70 eV), mass range 20–800 amu, resolution 
1000, ion source temperature 200°С, scanning 
rate 1 s per decade. Chromatographing conditions: 
30 m × 0.25 mm capillary column coated with DB-5 
phase (polydimethylsiloxane containing 5% phenyl 
groups); carrier gas He (purity 99.995%, NII KM, 
Russia), fl ow split ratio 1 : 30; temperature schedule: 
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heating at a rate of 5 deg min–1 from 30 to 120°С, 
heating at a rate of 10 deg min–1 from 120 to 270°С, and 
keeping at 270°С for 10 min.

The IR spectra were recorded with an IFS-66-v/s 
Fourier spectrometer (Bruker) using the attenuated total 
refl ection technique. The spectra were taken on a ZnSe 
crystal in the range from 4000 to 600 cm–1, resolution 
2 cm–1, 15 absorption scans.

Calorimetric studies were performed with a ТА-4000 
diff erential scanning calorimeter (Mettler) with a DSC-
30 cell at a heating rate of 20 deg min–1 under argon. 
Thermogravimetric analysis was performed with 
a Perkin–Elmer TGA-7 device at a heating rate of 
10 deg min–1.

X-ray diff raction patterns were taken with a DRON-
3M diff ractometer (Burevestnik, Russia) in the mode 
of recording the transmitted radiation (asymmetrical 
detector-focused quartz monochromator on the primary 
beam). CuKα radiation (λ = 0.154 nm) was used. The 
diff raction patterns were taken point-by-point with an 
increment ∆2θ = 0.04° and accumulation time τ = 10 s.

The molecular masses were determined by gel 
permeation chromatography with a Waters high-
pressure chromatograph equipped with a refractometric 
detector (Chromatopack Microgel-5, eluent chloroform, 
fl ow rate 1 mL min–1, sample volume 200 μL, sample 
concentration 1 mg mL–1) using a refractometric 
detector. The molecular masses were calculated by the 
standard procedure relative to monodisperse polystyrene 
standards (Agilent, catalog no. PL2010-0105).

Synthesis of 4-methyleneheptane. To 250 mL of 
dry dimethyl sulfoxide, we added under argon 10.5 g 
of a NaH dispersion (60% in mineral oil) and 86 g of 
methyltriphenylphosphonium bromide. The suspension 
was heated to 60°С and kept with stirring until the gas 
evolution ceased (~2 h). The mixture was cooled to 
room temperature, and 25 g of 4-heptanone was added 
dropwise (exothermic reaction). After 10 min, the 
mixture was again heated to 60°С and stirred for 3 h. 
Without stopping heating, the product was distilled off  
in a vacuum (14 mm Hg) into a trap cooled with liquid 
nitrogen. The product was obtained as a colorless liquid, 
25 g, yield 100% (~12 mol % impurity of benzene from 
commercial phosphonium bromide).

1H NMR (CDCl3, δ, ppm): 4.70 s (2H), 2.05–1.98 m 
(4H), 1.53–1.34 m (4H), 0.90 t (3J = 7.3 Hz, 6H). 

13C NMR (CDCl3, δ, ppm): 150.0, 108.8, 38.4, 21.1, 
14.0.

Synthesis of 1,1-dibromo-2,2-dipropylcyclopro-
pane. To 66.8 ml of 10 M aqueous NaOH, we added 
at room temperature a mixture of 18.7 g of 4-methyl-
eneheptane, 7.5 mL of methylene chloride, and 7.3 g of 
cetyltrimethylammonium bromide. To the resulting sys-
tem, we added dropwise with vigorous stirring a mixture 
of 84.5 g of bromoform and 35 mL of methylene chlo-
ride. The mixture was vigorously stirred for 8 h at room 
temperature, after which the layers were separated. The 
aqueous layer was extracted with methylene chloride. 
All the organic layers were combined, washed with a 
saturated (~26%) NaCl solution, dried over MgSO4, and 
evaporated on a rotary evaporator. The resulting semic-
rystalline mixture was dissolved in methylene chloride 
and evaporated with the addition of silica gel. Silica gel 
with the supported substance was placed in a Soxhlet 
extractor and washed with hexane for 3 h. The solution 
was cooled to room temperature and evaporated on a 
rotary evaporator. The product was distilled in a vacu-
um (65–70°С/6 mm Hg). The product was obtained as a 
colorless liquid, 31.8 g, yield 67%.

1H NMR (CDCl3, δ, ppm): 1.72–1.30 m (8H), 1.37 s 
(2H), 0.94 t (3J = 7.1 Hz, 6H). 13C NMR (CDCl3, 
δ, ppm): 40.0, 37.0, 34.2, 32.9, 19.5, 14.1.

Synthesis of 2-bromo-1,1-di(n-propyl)
cyclopropane. A four-necked fl ask equipped with 
a power-driven stirrer, two refl ux condensers, and a 
dropping funnel was charged with 19 g of magnesium 
turnings and 30 mg of a 0.1% aqueous HgCl2 solution 
160 mL of dry tetrahydrofuran was added, and the 
mixture was heated to refl ux and kept with stirring for 
5 min for the magnesium activation. To the refl uxing 
tetrahydrofuran, a mixture of 31.8 g of 1,1-dibromo-2,2-
dipropylcyclopropane and 21 mL of methanol was added 
in one portion, after which the mixture was refl uxed for 
an additional 30 min. Then, the system was cooled to 
room temperature and neutralized with water (35 mL). 
The system obtained was stirred for 10 min. The 
liquid fraction was transferred into a separating funnel 
and washed with a saturated (~28%) aqueous NH4Cl 
solution. The aqueous layer was extracted with diethyl 
ether. All the organic fractions were combined, washed 
with a saturated (~26%) aqueous NaCl solution, dried 
over MgSO4, and evaporated on a rotary evaporator. 
The product was distilled in a vacuum (68–70°С/14 mm 
Hg). The product was obtained as a colorless liquid, 
21.1 g, yield 92%.
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1H NMR (CDCl3, δ, ppm): 2.83 dd (J = 7.7, 4.3 Hz, 
1H), 1.60–1.10 m (8H), 1.02–0.83 m (7H), 0.65–0.55 m 
(1H). 13C NMR (CDCl3, δ, ppm): 37.5, 35.3, 30.1, 24.6, 
21.9, 19.4, 19.2, 14.3, 14.2.

Synthesis of 3,3-di(n-propyl)cyclopropene. A 
three-necked fl ask equipped with a dropping funnel and 
a long dephlegmator (~35 cm) with a tube connected to a 
trap that was cooled in a mixture of dry ice (Cold Circuit 
Technologies, Russia) and isopropanol (dry ice was 
added intermittently in an amount required to maintain 
the isopropanol temperature of –78.5°С, monitored with 
a thermometer) was charged under argon with 17.4 g of 
potassium tert-butylate and 90 mL of freshly distilled 
dry dimethyl sulfoxide. The suspension was heated to 
50°С and kept at this temperature until the precipitate 
dissolved completely (5 min). The system was degassed 
at a pressure of 15–18 mm Hg, after which a mixture 
of 21.1 g of 2-bromo-1,1-dicyclopropylcyclopropane 
in 20 mL of dimethyl sulfoxide was slowly added 
through a dropping funnel. The product was formed 
immediately and was distilled into the receiver (boiling 
point of the product ~15°С). After the addition of the 
whole amount of the starting compound and cessation of 
the product distillation, the mixture was heated to 65°С 
and kept at this temperature until it ceased to boil. After 
that, the reaction mixture was allowed to cool to room 
temperature, and the system was fi lled with argon. The 
mixture from the trap containing, along with the product, 
also tert-butanol and dimethyl sulfoxide was transferred 
into a separating funnel, diluted with pentane, and 
washed with water. The aqueous layer was extracted 
with pentane. All the organic fractions were combined 
and dried over Na2SO4 in a refrigerator. Pentane was 
distilled off  at atmospheric pressure. Then, the product 
was distilled in a vacuum (61–65°С/73 mm Hg). The 
product was obtained as a colorless liquid, 5.1 g, yield 
40%.

1H NMR (CDCl3, δ, ppm): 7.28 s (2H), 1.47–1.35 m 
(4H), 1.18–1.00 m (4H), 0.83 t (3J = 7.2 Hz, 6H). 
13C NMR (CDCl3, δ, ppm): 120.0, 41.1, 24.6, 20.3, 
14.3. Mass spectrum (electron ionization): 124 (0.2%, 
M+•), 136 (100%, С6Н9).

Addition polymerization of 3-methyl-3-
phenylcyclopropene on the binary catalytic system. 
We prepared a 0.05 M solution of Pd1 complex (I) by 
dissolving 10.0 mg of Pd1 (I) in 0.48 mL of methylene 
chloride and separately a 0.04 M solution of the 
cocatalyst by dissolving 20 mg of sodium tetrakis[3,5-

bis(trifl uoromethyl)phenyl]borate (NaBARF) in 
0.56 mL of methylene chloride. All the components 
were mixed in amounts corresponding to the molar 
ratio of the components in the catalytic system Pd1/
NaBARF = 1 : 3; i.e., 0.15 mL of a 0.05 М Pd1 solution 
was mixed with 0.56 mL of a 0.04 М NaBARF solution. 
The resulting mixture was kept in an ultrasonic bath 
for 20 min and then was fi ltered through a Tefl on fi lter 
with the pore size of 0.2 μm. A glass vial was charged 
with 0.1 g of 3-methyl-3-phenylcyclopropene. The 
monomer was heated to 45°С. After that, 0.37 mL of the 
solution of the catalytic mixture in methylene chloride 
was added; the molar ratio of the components in the 
reaction mixture was M1/Pd1/NaBARF = 200/1/3. The 
mixture was vigorously stirred for 10 s and allowed to 
stand at 45°С for 45 h. Then, the mixture was poured 
into a beaker fi lled with methanol. The polymer was 
separated and vacuum-dried for 3 h to constant weight. 
Then, the polymer was reprecipitated from a chloroform 
solution with methanol and again dried in a vacuum; 
the procedure was repeated twice. The isolated polymer 
[poly(M1)] was a white solid powder. Yield 6%.

Addition polymerization of 3-methyl-3-
phenylcycloprop-1-ene on the ternary catalytic 
system. We prepared a 0.05 M solution of the palladium 
complex by dissolving 20 mg of Pd1 in 0.96 mL of 
methylene chloride, separately a 0.04 M solution of the 
cocatalyst NaBARF by dissolving 80 mg of NaBARF 
in 2.26 mL of methylene chloride, and a 0.05 M 
solution of the phosphine by dissolving 25 mg of 
tricyclohexylphosphine (PCy3) in 1.79 mL of methylene 
chloride. The components were mixed in amounts 
corresponding to the molar ratio of the components in 
the catalytic system Pd1/NaBARF/PCy3 = 1/3/2; i.e., 
0.60 mL of a 0.05 М Pd1 solution was mixed with 
2.26 mL of a 0.04 М NaBARF solution and 1.20 mL of 
a 0.05 М tricyclohexylphosphine solution. The resulting 
mixture was kept in an ultrasonic bath for 20 min and 
then was fi ltered through a Tefl on fi lter with the pore 
diameter of 0.2 μM. A glass vial was charged with 0.6 g 
of 3-methyl-3-phenylcyclopropene. The monomer was 
heated to 45°С. Then, 3.11 mL of a solution of the 
catalytic mixture in methylene chloride was added; the 
molar ratio of the components in the reaction mixture 
was M1/Pd1/NaBARF/PCy3 = 200/1/3/2. The mixture 
was vigorously stirred for 10 s and then was kept at 
45°С for 45 h. After that, the mixture was poured into a 
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beaker fi lled with methanol. The polymer was separated 
and vacuum-dried for 3 h to constant weight. Then, the 
polymer was reprecipitated from the chloroform solution 
with methanol and again vacuum-dried; the procedure 
was repeated twice. The isolated polymer [poly (M1)] 
was a white solid powder. Yield 34%, Mn = 3.5 × 103, 
Mw/Mn = 1.6. 1H NMR (CDCl3, δ, ppm): 7.80–6.30 m 
(5H), 2.25–0.50 m (5H). 13C NMR (CDCl3, δ, ppm): 
146.2–140.0 m, 137.5–122.5 m, 37.5–22.0 m, 18.5–
15.0 m. IR (ATR, cm–1): 3054, 3022, 2951, 1027, 762.
Addition 3,3-di(n-propyl)cyclopropene polymer. 
1H NMR (CDCl3, δ, ppm): 2.45–1.65 m (2H), 1.60–
0.60 m (14H).

RESULTS AND DISCUSSION

This work is a pilot study of the polymerization 
of substituted cyclopropenes in the presence of 
Pd complexes containing acyclic diaminocarbene 
ligands. Therefore, in this step of the study we chose 
cyclopropenes with inert hydrocarbon groups: 3-methyl-
3-phenylcyclopropene (М1) and 3,3-di(n-propyl)
cyclopropene (М2). Monomer М2 was synthesized 
from di(n-propyl) ketone in 40% yield (II). The 
structure and purity of the monomers were confi rmed 
by 1Н and 13С NMR spectroscopy and by gas–liquid 
chromatography.

The addition polymerization of the synthesized 
cyclopropenes М1 and М2 was performed in the 

presence of the Pd complex Pd1 (I) containing an acyclic 
diaminocarbene ligand (III).

Monomer conversion, 

Monomer conversion, 

Dimethyl sulfoxide

Dimethyl sulfoxide

Bromoform

Methanol
Tetrahydrofuran

Catalyst

Pr: n-propyl; t-Bu: tert-butyl; Ph: phenyl.

M1: R1 = methyl, R2 = phenyl; M2: R1 = R2 = n-propyl.
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Complex Pd1 without cocatalyst, organoborate Na-
BARF, did not catalyze the polymerization of М1 and 
М2. The activation of this complex with NaBARF in an 
amount of 3 equiv relative to Pd enhanced the catalyst 
activity: All the monomers studied were involved in the 
polymerization on the Pd1/NaBARF catalytic systems. 
However, the yields of the corresponding polymers 
were low (Table 1), which is associated most probably 
with the low stability of the catalytic system, because in 
1 h Pd0 particles appeared in the reaction mixture. Intro-
duction of an additional ligand, tricyclohexylphosphine, 
into this system considerably enhanced its catalytic ac-
tivity and the yields of the polymers formed (Table 1). 
The synthesized addition homopolymers based on М1 
and М2 are readily soluble in chloroform, tetrahydro-
furan, and methylene chloride. Analysis of the molecu-
lar-mass characteristics of the polymerization products 
shows that, with the Pd1/NaBARF/PCy3 catalytic sys-
tem, it is possible to prepare polymers of cyclopropene 
derivatives with the molecular masses somewhat lower 
than the theoretical values and with unimodal molec-
ular-mass distribution (Table 1). This fact suggests the 
occurrence of addition polymerization of the monomers 
on catalytic sites of the same type and the occurrence 

of the chain termination to form active catalytic spe-
cies initiating the formation of new polymer chains. 
The broader molecular-mass distribution of the polymer 
based on М2 is associated most probably with hindered 
diff usion of the monomer molecules to active catalytic 
sites, which is caused by the fact that the polymeriza-
tion is performed at higher monomer concentration in 
the reaction mixture. The structure and purity of the ad-
dition homopolymers of М1 and М2 were confi rmed by 
1H and 13С NMR spectroscopy and by IR spectroscopy. 
The 1H and 13С NMR data show that the polymerization 
of the cyclopropenes occurs selectively and the strained 
three-membered ring is not opened in the course of the 
polymerization.

It is not always correct to judge the reactivity of 
cyclopropene and related cycloolefi n monomers, 
norbornene derivatives, from the results of addition 
polymerization because of the possible eff ect of 
microimpurities present in the monomers on the 
polymerization process. Therefore, we studied the 
copolymerization of a cyclopropene derivative, 
monomer M2, with a model monomer of the norbornene 
series, 5-ethylidene-2-norbornene (М3).

Table 1. Conditions and results of the polymerization of 3-methyl-3-phenylcyclopropene and 3,3-di(n-propyl)cyclopropene in 
the presence of the Pd complex with the acyclic diaminocarbene ligand

Monomer (М) PCy3/Pd1 molar ratio M/Pd1 molar ratio с(М), М Yield, % Mn Mw/Mn

3-Methyl-3-phenylcyclopropene 0/1 200 1.65 6 – –
3-Methyl-3-phenylcyclopropene 2/1 200 1.24 34 3500 1.6
3-Methyl-3-phenylcyclopropene 2/1 100 1.0 39 3300 1.7
3,3-Di(n-propyl)cyclopropene 2/1 100 1.5 20a 8600 2.7

Reaction conditions: precatalyst: Pd complex with acyclic diaminocarbene ligand Pd1 (I); cocatalyst: sodium tetrakis[3,5-bis(trifl uoromethyl)
phenyl]borate (NaBARF); PCy3, tricyclohexylphosphine; molar ratio [Pd]/[NaBARF] = 1/3; solvent: methylene chloride: polymerization time 
45 h; temperature 45°С; (–) not determined. 
a Polymerization time 22 h, 60°С.

Table 2. Structural characteristics of addition polymers

Polymer (2θ)1, 
deg d1, Å

(2θ)2, 
deg d2, Å

(2θ)3, 
deg d3, Å

(2θ)4, 
deg d4, Å References

Poly(3-methyl-3-
phenylcyclopropene)

8.07 10.9 9.7 9.1 15.0 5.9 20.2 4.4 This work

Poly(5-ethylidene-2-norbornene) 8.5 10.4 17.4 5.1 – – – – [14]
Polynorbornene 10.0 8.8 18.5 4.7 – – – – [15]

The spacings were calculated by the Bragg equation d = λ/2sinθ, where d is the interplanar spacing, θ is the glancing angle, λ = 1.54 Å; (–) no 
corresponding peaks in the diff raction pattern.
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The results of studying the copolymerization kinetics 
(Fig. 1a) show that the cyclopropene derivative exhibits 
higher polymerization activity: The М2 conversion in 
the polymerization was considerably higher than that 
of 5-ethylidene-2-norbornene. With time, virtually 
quantitative conversion of the cyclopropene derivative 
was reached, whereas the conversion of 5-ethylidene-
2-norbornene by the moment of complete exhaustion 
of М2 was below 50%. Thus, the cyclopropene 
derivative is more active than the norbornene derivative 
in the addition polymerization. Taking into account 
the presence of bulkier substituents in М2 and 
their close location to the double bond undergoing 
polymerization, the observed higher polymerization 
activity of cyclopropene derivatives compared to that 
of 5-ethylidene-2-norbornene is most probably due 
to higher ring strain energy. With an increase in the 
conversion of the monomers, the molecular masses of 
the copolymers formed gradually increase (Fig. 1b).

The degradation temperature of these polymers (5% 
weight loss) exceeded 200°С (Fig. 2); i.e., the polymers 
exhibit high heat resistance, despite the presence of 
strained cyclopropane rings in the backbone.

Diff erential scanning calorimetry shows that the 
polymers prepared are glassy. The glass transition 
points of poly(М1) and poly(М2) are higher than their 
degradation temperatures. The diff erential scanning 
calorimetry curves contain no melting peaks, which 
indicates that the polymers are amorphous.

The X-ray diff raction analysis of the synthesized 
homopolymer based on М1 shows that it is amorphous 
(Fig. 3). There are four broad peaks in the diff raction 
pattern of poly(М1) (Fig. 3). On the contrary, in 
the diff raction patterns of addition polymers based 
on 5-ethylidene-2-norbornene and unsubstituted 
norbornene (Table 2) there are only two broad peaks. The 
peaks in the diff raction pattern of poly(М1) at 2θ from 
8° to 12° characterize the spacings between the chains 
and backbone segments, and the peaks at 2θ from 15° 
to 23° characterize the spacings between the structural 
fragments within one chain and suggest agglomeration 
of pendant substituents with the probable formation of 
the corresponding nanosized phases.

CONCLUSIONS

Addition polymerization of two cyclopropenes 
with hydrocarbon substituents in the presence of a Pd 

Fig. 1. (a) Monomer conversion as a functio         n of polymerization 
time and (b) copolymer molecular mass (Mn) as a function of 
the monomer conversion. (М2) 3,3-di(n-propyl)cyclopropene 
and (М3) 5-ethylidene-2-norbornene; precatalyst: Pd complex 
with acyclic diaminocarbene ligand Pd1 (I); cocatalyst: 
sodium tetrakis[3,5-bis(trifl uoromethyl)phenyl]borate 
(NaBARF); molar ratio [Pd]/[NaBARF]/[PCy3] = 1/3/2 (PCy3 
is tricyclohexylphosphine), initial molar ratio of the monomers 
50/50, [M2] = [М3] = 0.75 М, [М3]/[Pd] = [М2]/[Pd] =100/1, 
dichloromethane, 45°С.

Fig. 2. Thermogravimetric analysis curves for addition poly(3-
methyl-3-phenylcyclopropene).
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complex containing an acyclic diaminocarbene ligand 
was studied. The binary catalytic system based on this 
complex activated with an organoboron cocatalyst 
allows substituted cyclopropenes to be involved in 
polymerization, but the yield of the polymer products 
in this process is low. Introduction of phosphine 
into this catalytic system considerably enhanced its 
activity and allowed preparation of the target polymers 
in considerably higher yields. Cyclopropenes are 
considerably more active monomers than norbornene 
derivatives. The synthesized polymers based on the 
cyclopropenes studied are amorphous and glassy. They 
have the required heat resistance, which opens prospects 
for the development of new functional polymer materials 
based on these polymers. Therefore, further studies 
aimed at revealing the structure–property relationships 
for these polymers are topical.

ADDITIONAL INFORMATION

Khrychikova Anna Petrovna, ORCID: https://orcid.
org/0000-0001-9110-1293

Medensteva Ekaterina Igorevna, ORCID: https://orcid.
org/0000-0001-6620-5330

Bermesheva Evgeniya Vladimirovna, ORCID: https://
orcid.org/0000-0002-6312-6087

Potapov Konstantin Vladislavovich, ORCID: https://
orcid.org/0000-0003-3819-2418

Bermeshev Maksim Vladimirovich, ORCID: http://orcid.
org/0000-0003-3333-4384

AUTHOR CONTRIBUTION

E.I. Medentseva: synthesis of the polymers; A.P. Khry-
chikova: synthesis of the polymers; E.V. Bermesheva: syn-
thesis of the polymers, data processing, manuscript prepa-
ration, description of the physicochemical properties of the 
polymers; K.V. Potapov: synthesis of 3-methyl-3-phenylcy-
clopropene and 3,3-di(n-propyl)cyclopropene; M.V. Berme-
shev: manuscript preparation, interpretation of the research 
results.

FUNDING

The study was supported by Russian Federation President’s 
grant MD-497.2022.1.3 (contract no. 075-15-2022-359 of 
May 5, 2022).

CONFLICT OF INTEREST

The authors declare that they have no confl ict of interest.

REFERENCES

1. Blank, F. and Janiak, C., Coord. Chem. Rev., 2009, 
vol. 253, pp. 827–861.

 https://doi.org/10.1016/j.ccr.2008.05.010
2. Wang, X., Wilson, T.J., Alentiev, D., Gringolts, M., 

Finkelshtein, E., Bermeshev, M., and Long, B.K., Polym. 
Chem., 2021, vol. 12, pp. 2947–2977. 

 https://doi.org/10.1039/D1PY00278C
3. Suslov, D.S., Bykov, M.V., and Kravchenko, O.V., Polym. 

Sci., Ser. C, 2019, vol. 61, pp. 145–173.
 https://doi.org/10.1134/s181123821901017x
4. Bermeshev, M.V. and Chapala, P.P., Prog. Polym. Sci., 

2018, vol. 84, pp. 1–46.
 https://doi.org/10.1016/j.progpolymsci.2018.06.003
5. Zhang, Z., Gao, Y., Chen, S., and Wang, J., J. Am. Chem. 

Soc., 2021, vol. 143, pp. 17806–17815.
 https://doi.org/10.1021/jacs.1c09071
6. Elling, B.R., Su, J.K., and Xia, Y., Acc. Chem. Res., 2021, 

vol. 54, pp. 356–365.
 https://doi.org/10.1021/acs.accounts.0c00638
7. Hou, X. and Wu, Z., Chin. J. Org. Chem., 2021, vol. 41, 

pp. 4830–4831.
 https://doi.org/10.6023/cjoc202100090
8. Bermesheva, E.V. and Bermeshev, M., ChemCatChem, 

2023, pp. 15076–15090.
 https://doi.org/10.1002/cctc.202300818
9. Jung, I.G., Seo, J., Chung, Y.K., Shin, D.M., Chun, S.H., 

Fig. 3. Diff raction pattern of addition poly(3-methyl-3-
phenylcyclopropene).

2θ, deg

In
te

ns
ity

, c
ps



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  96  No.  12  2023

1056 MEDENTSEVA  et  al.

and Son, S.U., J. Polym. Sci., Part A: Polym. Chem., 
2007, vol. 45, pp. 3042–3052.

 https://doi.org/10.1002/pola.22060.
10. Lee, D.J., Choi, W.H., Kim, M., Kim, C.K., and Lee, I.M., 

Bull. Korean Chem. Soc., 2020, vol. 41, pp. 697–701.
 https://doi.org/10.1002/bkcs.12056
11. Khrychikova, A.P., Medentseva, E.I., Bermesheva, E.V., 

Woznyak, A.I., Kashina, M.V., Kinzhalov, M.A., and 
Bermeshev, M.V., Russ. J. Appl. Chem., 2022, vol. 95, 
pp. 1603–1610.

 https://doi.org/10.1134/S1070427222100111
12. Li, C., Yu, R., Cai, S.-Z., and Fang, X., Org. Lett., 2023, 

vol. 25, pp. 5128–5133.
 https://doi.org/10.1021/acs.orglett.3c01875
13. Hashmi, A.S.K., Lothschütz, C., Böhling, C., and 

Rominger, F., Organometallics, 2011, vol. 30, pp. 2411–

2417. https://doi.org/10.1021/om200141s
14. Bermesheva, E.V., Wozniak, A.I., Borisov, I.L., 

Yevlampieva, N.P., Vezo, O.S., Karpov, G.O., 
Bermeshev, M.V., Asachenko, A.F., Topchiy, M.A., 
Gribanov, P.S., Nechaev, M.S., Volkov, V.V., and 
Finkelshtein, E.S., Polym. Sci., Ser. C, 2019, vol. 61, 
pp. 86–101.

 https://doi.org/10.1134/s181123821901003x
15. Zhao, C.-T., do Rosário Ribeiro, M., de Pinho, M.N., 

Subrahmanyam, V.S., Gil, C.L., and de Lima, A.P., 
Polymer, 2001, vol. 42, pp. 2455–2462.

 https://doi.org/10.1016/S0032-3861(00)00554-1

Publisher’s Note. Pleiades Publishing remains neutral 
with regard to jurisdictional claims in published maps 
and institutional affi  liations.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS (Pfeps)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [14400.000 14400.000]
>> setpagedevice


