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Regularities of ring-opening metathesis polymerization of cyclooctene
in the presence of molybdenum catalysts
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At the initial stages the polymerization of cis-cyclooctene in the bulk with the cata-

lysts  Me3;C—CH=Mo(NAr)(OCMe,CF3),,

PhMe,C—CH=Mo(NAr)(OCMe,CF3),,

Me;Si—CH=Mo(NAr)(OCMe,CFj3),, and PhMe,Si—CH=Mo(NAr)(OCMe,CFj3), predom-
inantly affords cis-polyoctenamers. The content of the frans-units in the polymer increases
with an increase in the conversion. The sharpest increase in the frans-unit content observed for
conversions higher than 80% is related to secondary metathesis reactions. The number-average
molecular weights of the polymers increase linearly with the conversion. At conversions above
80% the molecular weights decrease due to the increasing contribution of chain transfer
reactions. Polyoctenamers with the increased content of frans-units crystallize in two modi-

fications.

Key words: ring-opening metathesis polymerization, cyclooctene, molybdenum catalysts,

stereoregularity, crystallinity.

Ring-opening metathesis polymerization (ROMP) is
an efficient method for the synthesis of diverse macromo-
lecular materials.1—4

Among the best known active homogeneous catalysts
used in metathesis polymerization of cycloolefins are car-
bene complexes of molybdenum and tungsten of the type
RCH=M(NAr)(OR"), (R = Bu!, PhMe,C, M = Mo, W,
Ar = 2,6-PriC¢H;, R” = Alkyl, Aryl).>~7 The catalytic
activity of catalysts of this type is determined to a consid-
erable extent by the nature of alcoholate groups and imido
ligands.8 The influence of the nature and structure of car-
bene fragments on their catalytic properties remains poor-
ly studied. At the same time, the substituent at the carbene
carbon can affect both the kinetics of the process and the
properties of the product formed during catalysis. We have
earlier®>10 established that the rate of homometathesis of
hex-1-ene depends on the nature of the alkylidene substit-
uent of the catalyst. When the catalysts with different struc-
tures of the substituent at the carbene carbon atom are
used in the ring-opening metathesis polymerization of cis-
cyclooctene, the polyoctenamers formed differ substan-
tially in the ratio of double cis- and trans-units.10-11

In this work, we studied the metathesis polymerization
of cis-cyclooctene in the bulk using the molybdenum com-
plexes with different structures of the carbene substituents.
We used the complexes with the hydrocarbon carbene frag-
ments Bu'—CH=Mo(NAr)(OCMe,CF3), (1) and
PhMe,C—CH=Mo(NAr)(OCMe,CF;), (2) and their sil-
icon-containing analogs Me;Si—CH=Mo(NAr)-

(OCMe,CF;), (3) and PhMe,Si—CH=Mo(NATr)-
(OCMe,CF5), (4).

Results and Discussion

Ring-opening polymerization of cis-cyclooctene was
carried out for each catalyst in the whole conversion range.
Cyclooctene was polymerized at room temperature in the
bulk at the molar ratio monomer : catalyst equal to 300 : 1.
The ratio of cis- and trans-units in the polymers was deter-
mined using 13C NMR spectroscopy. As indicated by the
data obtained, the ratio of cis- and frans-units for all the
catalysts depends, to a considerable extent, on the conver-
sion (Fig. 1). cis-Polyoctenamers are predominantly
formed at initial conversions: at 10% conversion the con-
tent of frans-units in the polymer is 7—11%. The content
of trans-units increases to 19—22% as the conversion in-
creases to 50—65% with compounds 2—4 used as cataly-
sis; in the presence of catalyst 1, the content of trans-units
reaches 33%. The most considerable content of frans-units
is achieved at conversions higher than 80%: at the com-
plete conversion of the monomer the fraction of trans-
units increases to 82—87%.

The ratio of cis- and trans-units in the polymers formed
when the catalysts with different alkylidene fragments are
used differs noticeably. According to the mechanism of
ROMP of cycloolefins, =4 during the polymerization the
alkylidene fragment of the initiator is transformed into the
terminal group of the growing macromolecule. It can be
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Fig. 1. Dependences of the content of frans-units on the conver-
sion for polyoctenamers synthesized using molybdenum cata-
lysts 1—4.

Conversion (%)

assumed that at the propagation stages the terminal group
is coordinated with the central metal atom and deter-
mines, depending on the structure, the most favorable co-
ordination of the next monomer molecule, which finally
results in the predominant formation of the trans- or cis-
unit in the growing macromolecule.

The dependences of the number-average molecular
weights (M o) of the obtained polyoctenamers on the con-
version are shown in Fig. 2. Polyoctenamers synthesized
using catalysts 1—4 are characterized by a linear increase
in the number-average molecular weights with an increase
in conversion to 70—80%. The decrease in the M, values
with the further increase in conversion indicates the en-
hancement of the chain transfer reactions at the final po-
lymerization stage.
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Fig. 2. Dependences of the number-average molecular weights on
the conversion for polyoctenamers synthesized using catalysts 1—4.

The use of the silicon-containing carbene complex
PhMe,Si—CH=Mo(NAr)(OCMe,CFj3), (4) results in the
formation of higher-molecular-weight polymers. This is
related, most likely, to the lower initiation rate for this
catalyst. The absence of the signal of the carbene proton of
the catalyst, which is in the composition of the propagat-
ing chain, from the 'H NMR spectra did not allow us to
reliably estimate the k,,/k; ratio for all catalysts.

The observed increase in the content of frans-units in
polyoctenamers at conversions higher than 80%, which is
accompanied by a decrease in M, of the polyoctenamers
formed can be due to the complication of the polymeriza-
tion process by secondary metathesis reactions. This be-
comes most noticeable at high conversions when the poly-
merization is retarded due to an increase in the viscosity of
the system and deficient of the monomer.

Processes of intra- and intermolecular chain transfer
that occur on the catalysts performing chain propagation
are usually attributed to secondary metathesis.12 It was
found by 'H NMR spectroscopy for the metathesis poly-
merization of cis-cyclooctene using catalysts 1—4 in deu-
terochloroform that the starting catalyst is retained in the
reaction system in a noticeable amount even at a 90%
conversion of the monomer. It is most likely that the prod-
ucts of metathesis polymerization are isomerized with the
participation of the starting catalyst with different rates,
depending on the catalyst nature.

A series of special experiments was carried out to de-
termine the influence of secondary metathesis on the ste-
reoregularity and number-average molecular weight char-
acteristics of the polymers formed. Polyoctenamer con-
taining 17% of trans-units was dissolved in deuterochloro-
form and stored in the presence of the molybdenum cata-
lyst for several hours at room temperature. The character-
istics of the polymer determined after the interaction with
the catalyst are listed in Table 1. At the catalyst concen-
tration 0.005 mol L~! the content of #rans-units in poly-

Table 1. Characteristics of polyoctenamer after secondary meta-
thesis in deuterochloroform* at different catalyst concentra-
tions (C)

Cata- C Ratio M,

lyst /mol L1 cis : trans (M/M,)

1 0.005 74 :26 82100 (1.60)
0.1 17:83 1700 (2.38)

2 0.005 76 : 24 93500 (1.65)
0.1 21:79 1900 (2.58)

3 0.005 78 :22 131700 (1.99)
0.1 22:78 2400 (3.08)

4 0.005 79 :21 127700 (1.60)
0.1 20: 80 2100 (4.19)

* Characteristics of polyoctenamer before secondary metathesis:
content of frans-units is 17%, M, = 126 200, M,,/M,, = 1.6.
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Fig. 3. Example for the deconvolution of the X-ray powder diffrac-
tion pattern of the sample of polyoctenamer P4 to the amorphous
and crystalline components: points, experimental curve; 7, the-
oretical total curve; 2, amorphous halo; 3, six calculated peaks of
the crystalline phases; 4, positions of Bragg reflections; 5, differ-
ential curve between the experimental and calculated curves.

octenamer increases insignificantly. With an increase in
the catalyst concentration to 0.1 mol L~! the content of
trans-units in polyoctenamer increases within 1 h to
78—83%. The data on the change in the number-average
molecular weights for polyoctenamer after secondary met-
athesis confirm the influence of chain transfer reactions
on the molecular weights and polydispersity of the poly-
mer (see Table 1).

The increase in the content of trans-units in polyocte-
namers is an energetically favorable process due to the
ability of trans-segments to crystallization. trans-Polyocte-
namers are characterized by crystalline polymorphism.!3
It is known that trans-polyoctenamers form two modifi-
cations differed in spatial packing of polymer chains.13—16

Polyoctenamers P1—P6 synthesized using molybde-
num catalysts 1—4 represent a two-phase system with differ-
ent crystallinities and different phase ratios. The Profile
fitting procedure of the WinPlotr program was used to cal-
culate the crystallinity of the phases and the line broadening
to obtain the range of crystallite size. An example for the
deconvolution of the X-ray powder diffraction pattern of
the sample of polyoctenamer P4 (Table 2) to the amor-
phous halo and diffraction peaks is shown in Fig. 3.

The X-ray powder diffraction data presented in Refs 15
(monoclinic, phase IV) and 13 (triclinic, phase IIT) and
the PowderCell 2.3 program were used for the quantitative
calculation of the phase composition. The calculations
were performed with allowance for the available texture of the
samples and correction of the thermal parameters. The
result of the quantitative calculation of the phase compo-
sition of the sample of polyoctenamer P5 is shown in Fig. 4.

The results of X-ray powder diffraction studies of sam-
ples of polyoctenamers P1—P6 with different contents of
trans-units obtained using catalysts 1—4 are given in

Table 2. Synthesis conditions, stereoreguarity, crystallinity (K),
phase ratios (Cpy), and crystallite size (Dcgp) in the samples of
polyoctenamers P1—P6 synthesized using catalysts 1—4¢

Sample Cata- Ratio K Cry  Dcsp/nm
lyst cis : trans (%) (%)
P1 1 17: 83 35 44 20
P2 1 9:91 40 75 16
P3 2 70 : 30 0 0 —
P4 3 15:85 44 10 34
P5 3 15:85 34 70 16
P6 4 36 : 64 18 30 20

4 Conditions: [cis-cyclooctene]/[catalyst] = 300; in the absence
of solvent. The samples after reprecipitation, if otherwise is not
indicated.

b Conditions: [cis-cyclooctene]/[catalyst] = 100; in the absence
of solvent.

¢ The sample before reprecipitation.

Table 2. Crystallinity in the synthesized samples depends
on both the content of frans-units in polyoctenamer and
conditions of synthesis of the sample. Sample P4 obtained
without reprecipitation using catalyst 3 has the highest
crystallinity and the largest size of the crystallites. Purifi-
cation of the sample decreases its crystallinity and chang-
es the ratio of crystalline modifications.

Thus, it was found that the polymerization of cis-cy-
clooctene in the bulk using the catalysts Me;C—CH=Mo-
(NAr)(OCMe,CFj3),, PhMe,C—CH=Mo(NAr)-
(OCMe,CF3),, Me;Si—CH=Mo(NAr)(OCMe,CFj3),,
and PhMe,Si—CH=Mo(NAr)(OCMe,CFj3), at the ini-
tial conversions results in the formation of predominantly
cis-polyoctenamers. The content of double bonds in the
trans-configuration increases in the polymer with an in-
crease in the conversion and is accompanied by a linear
increase in the number-average molecular weights. Crys-
tallization of frans-segments of the polymers with high
trans-unit content is observed. At conversions higher than
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Fig. 4. Example for the quantitative calculation of the content of
phases in the sample of polyoctenamer P5: I, experimental
curve; 2 and 3, calculated curves of polyoctenamer in crystalline
phases 1V and 111, respectively; 4, positions of Bragg reflections;
5, differential curve between the experimental and calculat-
ed curves.
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80% the polymerization process is complicated by sec-
ondary metathesis reactions leading to a decrease in the
molecular weights of the polyoctenamers formed.

Experimental

Molybdenum catalysts 1—4 were synthesized according to
known procedures.1%17:18 Pyrity of the complexes was moni-
tored by 'H NMR spectroscopy.

Prior to use cis-cyclooctene (Aldrich) was kept above metal-
lic sodium. Polymerization was carried out in evacuated tubes.
The molar ratio [monomer]/[catalyst] = 300 was used for bulk
polymerization. Polymerization was carried out in the absence
of solvent. The polymerization process was interrupted by the
addition of a benzaldehyde solution in THF. Polyoctenamer
formed was purified by mutiple reprecipitation with methanol
from a THF solution. It was shown in special experiments that
the molecular weight characteristics of the samples remain un-
changed after reprecipitation of the polymers. The polymer sam-
ples were dried in vacuo at room temperature to a constant weight.

The molecular weight characteristics of the polymers were
determined by gel permeation chromatography on a Knauer liq-
uid chromatograph with a Smartline RID 2300 differential re-
fractometer as a detector using a set of two Phenomenex col-
umns with the Phenogel sorbent with the pore size 104 and 105 A.
The eluent was THF (2 mL min~!, 40 °C). The columns were
calibrated by 13 polystyrene standards.

The 'H and 13C NMR spectra of the polymer samples were
recorded on a Bruker DPX-200 spectrometer (200 MHz) using
CDCl; as a solvent and Me,Si as an internal standard. The ratio
of cis- and frans-units in the polymers was determined by the
13C NMR method using a known procedure.!?

X-ray powder diffraction studies were carried out on
a DRON-3M diffractometer (Cu-Ko radiation) with the graph-
ite monochromator on a diffracted beam by step scan mode. The
transmission recording geometry was used with an increment of
0.05° and an accumulation time of 5 s.

The crystallinity was calculated by the known formula

K: SCT/(SCF + Sam)a

where S, is the total surface area of peaks of the crystalline
phases, and S, is the surface area of the amorphous halo. The
crystallite sizes were calculated by the Scherer formula

DCSD = 0.9)\,/[3(:059,

where A is the X-ray radiation wavelength (0.1542 nm for the
copper anode), B is the reduced half-width of the peak in radi-
ans, and 0 is the diffraction angle.

Metathesis bulk polymerization of cyclooctene. cis-Cyclo-
octene (1.227 g, 11.135 mmol) was added to an evacuated tube
containing the catalyst PhMe,Si—CH=Mo(NAr)(OCMe,CF;3),
(2) (25 mg, 0.037 mmol) (molar ratio [monomer]|/[catalyst] =
= 300). A mixture was magnetically stirred at room temperature,
and the process was monitored by the change in the viscosity in
the system. Polymerization was interrupted by the addition of
a benzaldehyde solution in tetrahydrofuran. After the solid ring-
opening product was formed, the reaction mixture was addition-
ally kept at room temperature for 15 h for the complete conver-
sion of the monomer.

Ring-opening polymerizations involving other catalysts were
carried out similarly.

Secondary metathesis in CDCl;. A solution of the catalyst in
CDCl; was added to a solution of polyoctenamer in CDClj; (the
polymer concentration in the reaction solution based on the
monomer unit was 0.5 mol L~!). The mixture was stored at room
temperature, and the change in the viscosity of the solution was
monitored. Two variants of experiments were carried out for
each catalyst: at the catalyst concentration 0.005 mol L~! and
the reaction time 6 h and at the catalyst concentration 0.1 mol L~!
and the reaction time 1 h. No visible change in the viscosity was
observed at the catalyst concentration 0.005 mol L~!, whereas
the viscosity of the polymer solution decreased considerably for
30 min at the catalyst concentration 0.1 mol L~1.
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