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Abstract

In recent years, the olefins metathesis has established itself as a powerful tool for carbon-
carbon bonds forming and has found numerous applications in polymer chemistry. One
of the important directions of metathesis is the polymerization with cycle opening. A
study of new ruthenium catalysts, resistant to the many functional groups effects, has
showed the possibility of synthesizing functionalized polymers with unique properties.
In this chapter, reactivity and activation parameters of eight different norbornene dicar-
boxylic acid alkyl esters in the presence of a Hoveyda-Grubbs II catalyst for the ring
opening metathesis polymerization were determined by "H NMR analysis in-situ. The
molecules of esters differ in the aliphatic radical structure and the location of the sub-
stituent groups. Kinetic studies have shown that effective polymerization constants and
activation parameters strongly depend on the monomer structure. It is shown that the
elongation of the aliphatic radical does not significantly affect the reactivity, but signif-
icantly changes the activation parameters. The branching of the aliphatic radical signif-
icantly affects both the reactivity of the corresponding ester and the activation
parameters of the polymerization. The position of the substituents in the norbornene
ring of the ester also has a significant effect on the activation parameters of metathesis
polymerization.

Keywords: ring opening metathesis polymerization, nuclear magnetic resonance,
dicyclopentadiene, alkyl esters of norbornene dicarboxylic acid, Hoveyda-Grubbs
catalysts, observed rate constant, activation energy

1. Introduction

Ring opening metathesis polymerization (ROMP) is a process of one or more cyclic olefins
transformation to polymer catalyzed by metal carbene compounds. Indeed, the number of
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double bonds both in polymer and in monomer is equal [1-4]. As well as in any other type of
polymerization, ROMP can be divided into several stages (Scheme 1).

The initiation begins with the coordination of the cycloolefins” double bond with the metal-
carbene complex. The next step is a formation of a metal-cyclobutane intermediate. This
process occurs in each act of addition of the monomer during the chain growth. The interme-
diate decomposes to form a new metal-carbene complex, with the growing chain being a
ligand attached to the metal via a double bond.

The polymerization continues until the monomer is completely reacted or an equilibrium state
is reached or the reaction is terminated by the addition of a special reagent that blocks the
catalyst.

Living polymerization with ring opening metathesis is terminated by removing the transition
metal from the end of the growing chain and its further deactivation. Deactivation in this case
involves the formation of a complex unable to initiate polymerization [5]. Ethyl vinyl ether
is an effective stopper for most ruthenium catalysts. It forms a very stable complex of the
[Ru]=CHOEt type and ensures the functionalization of the polymer end-group. Acrylate deriv-
atives of 2-butene-1,4-diol, succinic anhydride or butyl acrylate can also stop the growth of the
macromolecule [6].

ROMP, as well as most metathesis reactions, is reversible, so the described transformations can
proceed both in the forward and backward directions. The direction of the reaction can be
predicted using the Gibbs energy:
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Scheme 1. Stages of ROMP.
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The enthalpy factor makes an essential contribution to ROMP’s Gibbs energy. This fact is
explained by a high strain energy of cyclic unsaturated compounds participating in the poly-
merization [7]. The cycle strain energy of most cycloalkenes is more than 20 kJ/mole. For
example, norbornene has an energy of about 100 kJ/mole [8]. The strain energy of the cycle
releasing during the decomposition of the metal-cyclobutane complex and maintaining the
forward direction of the reaction. However, if the deformation energy of cycle is low, the
contribution of the entropy factor into the Gibbs energy becomes more significant in compar-
ison with a smaller enthalpy factor. In this case, the entropy factor must be properly reduced in
order to implement the direct process by increasing the monomer concentration or decreasing
the temperature of the process [9].

Secondary metathesis reactions can occur in addition to the main described reactions during
the polymerization process. Intermolecular and intramolecular chain transfers are two main
side reactions of ROMP (Scheme 2).

During the intermolecular transferring, the active metal-carbene complex located at the end of
one macromolecule interacts with the double bond of the adjoined macromolecule, which
leads to fragment exchange process. The reaction proceeds simultaneously in two directions.
One of them provides two polymer chains with the active ruthenium on both. The second
leads to one inactive chain and one chain with two active centers.

At the intramolecular chain transferring, the active metal-carbene complex reacts with the
double bond of the same macromolecule led to a cyclization of the polymer chain. The listed
side reactions, eventually, lead to a broadening of the molecular mass distribution (MMD) and
a decrease in a molecular weight of the polymer [10].

The chain transfer as well as the spontaneous termination of the growing chain is highly improb-
able, so ROMP is a living polymerization. ROMP polymers are characterized by high molecular
weights and a narrow MMD, as well as for products of other living polymerizations [11].
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Scheme 2. Intermolecular and intramolecular chain transfers in ROMP.

Intramolecular chain transfer
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2. Well-defined ruthenium metathesis catalysts

Up until the mid-1970s, the information about the structure of the active center of olefin
metathesis catalysts was not known. Catalytic systems were mixtures of various compounds
containing a transition metal. For example, in the late 1960s, Calderon and Goodyear emp-
loyees published a number of papers about usage of a catalyst consisting of WCl,, AIEtCl,, and
ethanol [12, 13]. Cyclic olefins form polymers (copolymers) of a high tacticity in a presence of
this catalyst [14]. Catalytic systems prepared from compounds based on transition metals such
as vanadium VCly/Al(Hex)s; V(Ac)s/AlC1(C,Hs),; titanium TiCly/Al(C,Hs); and TiCly/AlCls/
Al(C,Hs); [15]; molybdenum MoCls/Al(CoHs)s [16] as well as catalysts based on osmium,
ruthenium, and iridium chlorides [17] were used in ROMP.

In 1976, through the example of the Fisher catalyst WCPhR(CO)s (where R=Ph or —OCH3),
described by Casey and Fisher [18, 19], Katz was the first who showed the ability of a metal-
carbene complex to catalyze the process of metathesis polymerization independently without
additional compounds [20]. In the history of metathesis, catalytic complexes with a well-
studied structure were called “well-defined” catalysts. The discovery of “well-defined” cata-
lysts had significantly increased the ability of ROMP to obtain polymers that have unique
properties.

The first “well-defined” ruthenium catalyst was synthesized by Grubbs in 1992. The alkylidene
source was 3,3-diphenylcyclopropene [21] (Scheme 3).

Unfortunately, this catalyst had a low activity in comparison with already available metathesis
catalysts. Replacing triphenylphosphine ligands with tricyclohexylphosphine significantly
improved the activity of the catalyst (Figure 1—1 and 2).

Later, in 1995, catalytic complexes known as first-generation Grubbs catalysts (Figure 1—3
and 4) were prepared using phenyl diazomethane. These catalysts not only had equal activity
to molybdenum catalysts but also were indifferent to the polar groups in the monomer [22, 23].

In 1999, Grubbs reported the synthesis of second-generation catalysts (Figure 1—5), showing
better activity and more stability at air. This catalyst was obtained by replacing tricyclohexyl-
phosphine with an N-heterocyclic carbene ligand [24]. A year later, Hoveyda’s group reported
on a new type of catalytic system based on the catalysts of Grubbs of the first and second
generations (Figure 1—6 and 7). These complexes include a chelating ester ligand [25].
Recently, a new type of ruthenium catalyst has appeared where the N-heterocyclic carbene

PPhg Ph,  Ph PPhs —
CI/////, | \\\\PPhg, :\\\\\ CH2C|2/C6H6 CI////,I' | 5 Ph
oRu.\ + ~ —_— RU Ph + 3
0
o | een, 53°C, 11h a” |
PPhs PPhg

Scheme 3. Scheme for the Grubbs I catalyst synthesis.
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Figure 1. Main types of ruthenium catalysts.

ligand chelates the metal through the Ru-carbon bond (Figure 1—8). Such complexes possess
high cis-selectivity in ROMP [26].

3. Reactivity of esters of 5-norbornene-2,3-dicarboxylic acid in ROMP

Currently, despite the fact that ethers of 2,3-norbornene dicarboxylic acid appear to be poten-
tial material for synthesizing polymers via ROMP, the interrelation between the molecule
structure and their reactivity for metathesis polymerization with full ring opening has not
been stated. A few polymerization mechanisms with different catalysts (including ruthenium)
are known; however, there is no detailed description of how ethers of 5-norbornene-2,3-dicar-
boxylic acid behave. The study of reaction activity of 5-norbornene-2,3-dicarboxylic acid ethers
with different structure using an appropriate catalyst (carbene complex of ruthenium (1,3-bis-
(2,4,6-trimethylphenyl)-2-imidoazolidevynilidene)dichloro(ortho-N,N-dimethylaminomethyl-
phenylmethylene)-ruthenium —1 (Figure 2) [27] has filled this gap.

In this research, we used alkyl diesters of bicyclo[2.2.1]hept-5-en-2,3 dicarboxylic acid, obtained
according to the technique given in the paper (Figure 3) [28].

Polymerization was carried out in NMR tubes, concurrently measuring the proton spectrum
after a certain period using AU-program zgser.

19
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Figure 2. Catalyst complex of ruthenium used as an initiating agent for polymerization.
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Figure 3. Alkyl diesters of bicyclo [2.2.1]hept-5-en-2,3 dicarboxylic acid, used as monomers.

The monomer concentrations were determined based on decrease and growth of integrated
intensities of resonances of olefinic protons of monomer— Sy, and polymer—Sp (Figure 4)

S
Cum = Cu, TfSp ()
Cr = Cr, - 2o 55 3)

Ss, - Sk
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Figure 4. Combining the fragments of NMR spectra 2 in the beginning of a reaction and after 20 min.

where Cy, and Sg, —squares of integrated intensities of a catalyst and solvent, measured in the
beginning of the reaction; Sy and Ss— current squares of integrated intensities of a catalyst and
solvent during the reaction.

The AU-program multintegr was used to gauge the integrated intensities and time of the
experiment. The using of low-viscosity solvents allowed obtaining high-resolution proton
NMR spectra. Thus, kinetic studies should be carried out in the solution. And the set of
monomer concentrations was defined to get kinetic correlations based on the spectral data.
The solvent should be used as a diluent. Figure 5(a) demonstrates the curves describing the
changes of concentration 2 in the course of time. According to the literature data, chloroform-d
was taken as a solvent.

The molecules of chloroform-d do not react with active ruthenium and play a role of a polar
medium, which stabilize 14-electron state of the active ruthenium [29]. Initially, toluene-d8 was
suggested as a possible solvent, but the catalyst and monomers dissolve better in chloroform-d,
which is also a widely used and more available solvent for NMR studies than toluene-d8.
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Figure 5. The decrease of monomer 2 (a) and its semi-logarithmic anamorphoses (b) during polymerization with catalyst
1 with varying initial concentration of the monomer (Cg, = 0.0087 mole 171, 50° O).

Also, it was shown that reactivity of dimethyl ether of exo,exo-norbornene dicarboxylic acid is
higher in chloroform-d [30]. Since chloroform-d boils at 60.9°C in ambient conditions, the
operational temperature range was limited to 50°C to prevent any changes in the reactant
concentration which could be caused by evaporation.

Studies [31, 32] considered the ring opening metathesis polymerization as pseudo first-order
reaction as regards to the monomer concentration, which is valid for polymerization of above-
mentioned monomers.

Figure 5(b) demonstrates that there can be seen three regions in the semi-logarithmic anamor-
phoses. The first region has non-linear segment of curve corresponding to the initiation stage.
The second one is the straight-line segment prolongs to the extent of 70% monomer conversion
(till one on the logarithmic scale, Figure 5(b)). The third region is a noticeable non-linear
segment of curves, which is observed after 70% conversion. The appearance of such non-
linear segments is due to the viscosity of the reaction mixture increasing, owing to the polymer
molecular weight growth. This results to the fact that the polymerization rate is limited by the
diffusion of monomer molecules to the active ruthenium.

Figure 6 shows the straight-line ranges of semi-logarithmic anamorphoses of polymerization
2, catalyzed by 1. The slope of the right lines corresponds to the observed constant of polymer-
ization k.

Based on correlation coefficients given in Table 1, we can conclude that semi-logarithmic
anamorphoses are linear in the noticed interval. Figure 6 shows the correlation of the constant
k, and initial monomer concentration.

Figure 7 shows that k, linearly depends on the monomer concentration within the following
range from 0.2 to 1.0 mole 1"', which allows to vary the monomer concentration in this range
to implement kinetic experiments.
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Figure 6. Linear segments of semi-logarithmic anamorphoses of monomer 2 polymerization over catalyst 1 (Cx, = 0.0087
mole 1", 50°C, dependences are marked in accordance with Figure 5).

Cp,, mole 171 a b r 10%k,
1.01 0.00183 —0.3417 0.999 1.83
0.69 0.00131 —0.2416 0.999 1.31
0.49 0.00094 —0.1992 0.999 0.94
0.39 0.00089 —0.1614 0.999 0.89
0.33 0.00070 —0.1116 0.998 0.70
0.19 0.00042 —0.0751 0.999 0.42

Table 1. Values of k, which calculated out of linear dependences on Figure 6.

Ruthenium complex should be activated to initiate polymerization. This is carried out by the first
addition of monomer, which is initiation stage as well. There exist several possible mechanisms
of activation; however, based on the literature data, it is assumed that bulky olefins, including
the research monomers, interact with active ruthenium on a dissociative mechanism [33]

ki +M k
——K* - 2p*
k-1

The initiation rate equals the rate of active centers formation P*. The active centers formation
occurs in two stages. As it can be seen from Figure 8, the concentration of ruthenium complex
slightly changes.

23
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Figure 7. Correlation of the observed constant k, of monomer 2 polymerization, catalyzed by 1 with the initial monomer
concentration (Ck, = 0.0087 mole 17*, 50°C).

Its decrease is 1-2% from the initial catalyst concentration. Synthesized polymers at these
conditions possess high molecular weight (Table 2).

Based on Figure 8 and Table 2, we can conclude that the formation of active centers is slower
than the growth of polymer chain. The research [34] also confirmed this, stating that for
polymerization of exo-exo-5,6-bi(methoxycarbonyl)-7-oxabicyclo[2.2.1]Thept-2-ene over Grubbs
catalyst of the first generation the correlation of constants is ki/k, = 0.23. Moreover, the study
[29] suggests that the correlation ki/k; is even lesser and equals 0.03 for catalyst with N-
chelating ligand. In addition, based on the data presented, we can assume that disassociating
of nitrogen defined by constant k; is limiting in the initiation reaction. Notably that the mono-
mer molecule does not interact during initiation, that is why the formation rate of the active
ruthenium complex K* only depends on the temperature and initial concentration of ruthe-
nium complex. Thus, the structure of the monomer molecule can affect the second stage of
initiation defined by constant k, and the stage of polymer chain growth defined by constant k,

(it is suggested that constants of different stages of polymerization are equal ké = ké =... = k)

1

k
P+ M—2P*M
k2
P'M + M—E—~P*M,

k
P*My + M—"P* Moy
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Figure 8. Ruthenium complex decrease during polymerization of monomer 2 with different initial concentration of
catalyst 1 (Cpy, = 0.35 mole 1, 50°C).

Cx,, mole 1! Cwm, /Cx, 107°-M,,, g mole™*
0.021 17 8.5
0.012 30 10.1
0.006 57 7.6

Table 2. Average molecular weight of the obtained polymers depending on the number of initial reagents.

Kinetics of monomer consumption is complicated (Figures 5(a) and 9).
In polymerization, a monomer is used during initiation and growth of the polymer chain

dc
—d—f:kz-cK*-cng-cp*-cM 4)

The concentration of active ruthenium complex Cg+ and concentration of active chains Cp+ are
low, with Cp~ due to the absence of reactions of termination [5, 6] and transfer [22] of the chain
constantly increases during the reaction. Since k; is much lesser than constants k_; and k, it is
possible to apply the principle of quasistationary for concentration of the active form Cgx:

25
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Figure 9. Monomer 2 consumption in the polymerization reaction over varying initial catalyst concentration Cyy, = 0.35
mole 17, 50°C).

dCg»
dt

=k Ck—k 1 Cx —k Cir - Cy =0 )

k1-CK

C*:—
K k1 —k Cu

(6)

The second stage of the initiation reaction can be viewed as pseudo first-order one proceeding
with effective constant k, =k - Cy;,. This assumption is fair as Cyx, < Cy, and Cg, > Ck-.
Taking into consideration that the catalyst concentration slightly changes during the reaction,
it could be considered that Cx = C,. Then, changes in the concentration of active chains over
time are defined by the following equation:

AdCp- ki - Ck,

Fraie - O ko - Cwm, (7)

After integrating we get:

- 't (8)
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The amount of active chains is equal to the decreasing of the monomer, which is forming these
chains. Knowing the active chains’ concentration from Eq. (8), the change in monomer concen-
tration in time can be described by Eq. (9):

ki
E'kZ'CKO 'CMU

1+ Cym,

dCM_kkfll'kz'CKU'CMo
at 14+ Cy,

+

kg - Cn - t )

To simplify the equation and implement semi-logarithmic coordinates for defining the rate
constant, we can ignore the first component of the right side of the equation, since it contrib-
utes less if compared with the second component. This assumption is fair for the later stages of

k1

ka-Ci, -C
polymerization. The formula k*l:kz# t can be expressed as the following product Ck, - f,
k1Mo
. . e . Cos kk—l-kz-CMO-f .
where f is the effectiveness of initiation equal to & = ﬁ"T Then, we can put it down the
0 [

following way:

dCy
G =ky Ck, f-dt (10)
After integrating, we would acquire:
In CMO:kg-cKO et (11)
Cm

Taking into consideration that f for each monomer differs only by the value of k, constant,
which depends on the structure of monomer, it is possible to compare reaction capacity and
values of activation parameters using product f-k.

The chain growth rate constant of polymer k, times the effectiveness of initiation f corresponds
the tangent of the slope in the straight-line segment of semi-logarithmic correlation, which
equals the product of the observed constant k, times the initial catalyst concentration Ck,
(Figure 10).

Correlations in Figures 7 and 11 demonstrate that the observed constant of polymerization k,
linearly depends on both the initial concentration of monomer and the initial catalyst concen-
tration.

Linear correlation of k, from Ck, is observed because Eq. (1) takes the initial concentration of
catalyst into consideration. In turn, k, linearly depends on Cy;, since Eq. (11) includes param-
eter f, which depends on the initial concentration of monomer. Based on the data presented, we

can conclude that it is possible to use the effective constant k. = ﬁ to compare reaction
0 0

capacity of the ethers under study. The dimensionality of constant k. correspond the dimen-
sionality of second-order constant since the concentration of monomer is included in numerator

27
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Figure 10. Semi-logarithmic correlations of polymerization 2 over catalyst 1 with varying catalyst concentration (Cy, =
0.35 mole17!, 50°C, dependences are marked in accordance with Figure 9).
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Figure 11. Correlation of the observed constant k, of polymerization of monomer 2, catalyzed by 1 with the initial
concentration of catalyst (Cy;, = 0.35 mole 17", 50°C).
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and denominator of the equation of the initiation effectiveness. Since constant k, depends on
the initial concentration of catalyst linearly, we can use the noticed range of concentration to
estimate reactivity of esters.

4. Reactivity-structure relationship of esters of 2,3-norbornene
dicarboxylic acid

Based on the values of effective constants, we compared reactivity and activation parameters
of polymerization of diesters exo,exo-2,3-norbornene dicarboxylic acid, which are differ by
length and branched chain of ester substituent. To define the activation parameters, we used
Arrhenius equation (12) and calculation results are shown in Figure 12

Ea
Inke =InA — R.T (12)

This correlation between In k. and 1/T for each researched ester has linear character. This
proves that the interaction mechanism of ruthenium complex and corresponding ester at the
different temperatures is unchanged. Table 3 presents data on effective constants and activa-
tion parameters of polymerization of diesters exo,exo-2,3-norbornene dicarboxylic acid.

-1 O O O-Methyl
] 52 2 12- Propyl
-2 — o O <O-Butyl
- W 3% - iso-Butyl
3 — 0O O [O-Pentyl
i X ¥ X-Octyl
N
g 47
5 —
-6 —
7 I
0.37 0.38 0.39 0.4 0.41
1000 ..o
RT,mol kJ

Figure 12. Arrhenius correlations of polymerization of diesters exo,exo-5-norbornene-2,3-dicarboxylic acid.
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Substituent ke, 1 mole s (30°C) E., k] mole ! A, 1mole s 1
Methyl 0.11 82 2 x 102
Propyl 0.10 89 2 x 10"
Butyl 0.08 92 7 x 10"
Iso-butyl 0.01 72 6 x 10°
Pentyl 0.21 105 2 x 10'°
Octyl 0.17 121 2 x 10"

Table 3. Effective constants and activation parameters of polymerization of diesters exo,exo-2,3-norbornene dicarboxylic
acid.

It was expected that aliphatic radical elongation from the first to the eighth atoms of carbon
would lead to gradual decrease in reactivity of esters row. However, according to Table 5,
aliphatic radical elongation insignificantly affects the reactivity of esters.

On the contrary, branched substituent chain affects reactivity greatly. Constant k, of an ester
with iso-butyl radical is six times lesser than constant k. of a similar ester with linear butyl
radical. The steric hindrances significantly decrease the reactivity of diesters with branching
aliphatic radical under interaction with active form of ruthenium complex. In study [35], the
researchers attempted to make a quantitative estimation of the initiation and growth constants.

As shown in Table 5, the increase of aliphatic radical length leads to gradual increase of
activation parameters. To explain changes in activation parameters, we should define the rate
constant, which is dependent from monomer structure in more degree. Effective constant of
polymerization includes four true constants. Constants k; and k_; are determined by the
structure of ruthenium complex and do not depend on the monomer structure. Nevertheless,
the influence of the ester structure could be indirect. When bond Ru-N is disassociated, a
14-electron state is formed. This state is more polar than the initial 16-electron state (Scheme 4).

HoMes H,Mes

Cluy, | © Cluy, | o
Ru Ru
k
\N/ AN l N
/ _—

Scheme 4. Dissociation the Ru-N bond of catalyst.
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Polar media stabilize 14-electron state and make disassociation easier. Solutions of esters,
which are different in structure, may possess different dielectric permittivity and, thus, could
affect constant k; and k_;. However, in polymerization, solutions of esters have low concentra-
tion and the contribution of ester into the polarity of medium remains insignificant.

Esters structure would affect more constants k, and k. First, we should understand the way
monomer structure can affect constant k,. This constant defines the reaction rate, which iden-
tifies the process of monomer addition to the active form of ruthenium complex. In this
process, the double bond of ester molecule occupies the vacant position in the coordination
sphere of ruthenium complex (Scheme 5).

While the activation energy E, defines excess of energy, which molecules in the reaction should
possess to form transition state. Pre-exponential factor A can correlate with steric factor. Both
parameters define the process of reaching the top of a potential barrier and are calculated from
the initial state of the system. It is unlikely that the length of aliphatic radical affected the rate and
activation parameters of this reaction. It is more probable that constant k, and activation param-
eters are nearly equal for molecules with varying length of aliphatic radical. It is also unlikely
that branching substituent can affect both the rate and activation parameters of this process.

It is necessary to mention that the influence of the previous monomer unit may affect rate and
activation parameters of monomer addition reaction to one of the active forms of ruthenium.
However, this factor is absent on this stage of the reaction.

Having analyzed the experimental data, we concluded that the structure of monomer is more
likely to affect the growth reaction of polymer chain with constant k.

It is known from literature data that esters of 5-norbornene-2,3-dicarboxylic acid can chelate
the active forms of ruthenium complex with carbonyl oxygen of ester group, thus, forming
hexatomic intramolecular complex [36]. Therefore, two active forms of ruthenium complex can
take part in the polymer chain-growth reaction (Figure 13).

Ru—O bond strength depends on donor properties of carbonyl oxygen. In esters row, the
donor properties of oxygen will enhance as there will increase inductive effect of growing
radical. At the same time, Ru—O bond strength will increase. Reinforcement of Ru—O bond
decreases mobility of ester fragment and makes its intramolecular complex more rigid.
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Scheme 5. Coordination of the monomer’s molecule with ruthenium complex.
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Figure 13. Non-chelated (a) and chelated (b) active forms of ruthenium complex.

When transition state is formed, monomer molecules occupy the position of oxygen in coordi-

nation sphere of ruthenium, what is accompanied by destruction of intramolecular complex
(Scheme 6).

To degrade Ru—O bond, it is necessary to spend some energy. Lengthening of aliphatic
radical, which promotes improvement of donor properties of carbonyl oxygen and intensifica-
tion of Ru—O bond, increases the amount of energy needed to degrade Ru—O bond. That is
why activation energy rises as the length of aliphatic radical increases. If the activation energy
corresponds to the excessive energy that reacting molecules should possess to pass the poten-
tial barrier, then pre-exponential multiplier defines peculiarities of interaction of these mole-
cules. Pre-exponential multiplier can correlate with the change of activation entropy, which
depends on changes in the number of freedom degrees of the reacting molecules. Ruthenium
and the previous monomer unit can form a ring with lesser number of freedom degrees than
the complex they form of non-ring structure. Besides the rigidness of intramolecular complex
depends on Ru—O bond strength (the more strength Ru—O bond, the more stable is intramo-
lecular complex). Therefore, the increase of pre-exponential multiplier defined by the growth
of aliphatic radical is explained by the increase in the number of freedom degrees, which
appear when intramolecular complex degrades during the formation of transition state.

To form Ru—O bond, carbonyl oxygen and ruthenium should be positioned in a certain way.
When Ru—O if formed, the molecule geometry is changed. Steric factor is one of the
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Scheme 6. The destruction of the intramolecular complex with the addition of a new monomer’s molecule.
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hindrances making the formation of intramolecular complex harder. In the case of ester with
branched substituent, bulky iso-butyl radicals cannot set near each other properly for carbonyl
oxygen to form strength bond with ruthenium due to steric hindrances. This reduces the
activation energy and pre-exponential multiplier. In addition, iso-butyl fragments of the previ-
ous monomer unit hinder the monomer placement in the coordination sphere of ruthenium,
which cuts reactivity of this ester.

Figure 14 demonstrates Arrhenius correlations of constant k. in three 3-dimensional isomers of
dimethyl ester of 5-norbornene-2,3-dicarboxyl acid. The correlations are linear in the range of
temperatures, which proves that the interaction mechanism of ruthenium complex and the
corresponding ester is permanent.

Based on the correlations in Figure 14, we calculated effective constants and activation param-
eters of polymerization. The results are in Table 4.

Table 4 shows that the orientation of ester substituents to the norbornene ring affects both
reactivity and activation parameters of polymerization.

The presence of substituent in endo-position reduces reaction capacity of ester. This corresponds
with the data shown in other studies [34, 37-40], which estimated reaction capacity of endo- and
exo-isomers of dicyclopentadiene and 2,3-dicarbomethoxy-5-norbornene. In the research of
Delaude at al. [40] measured the initiation constants for monomers 2, 3, and 4 over [RuCl,(p-
cymene)], complex activated with trimethylsilyldiazomethane; their values at 25°C were 0.040,

2 J—
O O O-exo,exo
X X 1X-exo,endo
a O O <©-endo,endo
0 —
S IR
P i
D
b
'4 1 l 1 I 1 I 1 I
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Figure 14. Arrhenius correlations of polymerization of three-dimensional isomers of dimethyl ester 5-norbornene-2,3-
dicarboxylic acid.
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Position ke, 1 mole s 1 (30°C) E,, k] mole ! A, 1mole 1s™?!
Exo,exo- 0.47 82 9 x 10"
Exo,endo- 0.20 105 2 x 10Y
Endo,endo- 0.02 72 7 x 10"

Table 4. Effective constants and activation parameters of polymerization of three-dimensional isomers of dimethyl ester
2,3-norbornene dicarboxylic acid.

0.025, and 0.05 1 mole ' s~ for 2, 3, and 4, respectively. At the same time, the constant of chain
growth remains the same for all monomers and is within the range of 0.003-0.006 1 mole " s™'.
The initiation stage of monomer 2 catalyzed by 1 is much slower than the chain growth stage. If
we compare the constant of initiation and growth of monomer 2 catalyzed by 1 and [RuCl,(p-
cymene)],, then we would notice that initiation catalyzed by 1 is slower than chain growth in
distinction from [RuCl,(p-cymene)],, which affects initiation in a way that it is 10-fold faster
than the growth of polymer chain. Comparison of constants defining polymerization initiated
by these complexes is not adequate since these complexes have different structure and may
have different activation mechanisms. However, in both the cases, ester groups in endo-position
are located not far enough from the double bond of norbornene ring and sterically hinder the
monomer attack by double bond of ruthenium. This would affect the polymerization rate of
these esters both in the case of initiation by complex 1 and in the case of initiation by [RuCl,(p-
cymene)]. In the first case, the steric factor would affect both constants k, and k.

Each monomer is determined by its own set of activation parameters different from others. To
explain the way the activation parameters change, we compiled a set of monomers in ascend-
ing order to form Ru—O bond and intramolecular complex. Exo,endo-isomer is more prone to
form Ru—O bond since its ester substituents are located on different sides in relation to the
norbornene ring and do not hinder each other during the formation of intramolecular complex.
Ru—O bond is more strength, and intramolecular complex is more rigid in comparison with
other isomers. That is why high activation energy and pre-exponential multiplier are typical
for exo,endo-isomer. Exo,exo-isomer is the second on the capability to form Ru—O bond. This
ester is inferior to exo,endo-isomer, since its ester substituents are located on one side in
relation to norbornene ring. This sterically hinders their mutual distribution necessary for the
formation of Ru—O bond. Ru—O bond has less strength, and intramolecular complex is more
flexible. That is why if compared with exo,endo-isomer, exo,exo-isomer is defined by lower
activation energy and pre-exponential multiplier.

Endo,endo-isomer is the third on the ability to form Ru—O bond. Because of the way ester
substituents are located inside norbornene ring, this ester cannot form strong Ru—O bond.
Ester group in endo-position cannot properly distribute in the coordination sphere of ruthe-
nium to form intramolecular complex. That is why this molecule possesses low activation
energy and pre-exponential multiplier.

In the paper [41], the authors estimated reactivity of these esters using the observed polymer-
ization constant k,, as the criterion for comparing reaction capacity of monomers.
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5. Structure of polymers

The products of chemical reaction are no less valuable as a source of information for kinetic
parameters. Their structure helps us to learn how reaction components interact with each
other. Using NMR method to study the kinetics of metathesis polymerization of norbornene
acid, ester is more beneficial since it allows estimating the structure of the obtained polymers
immediately [25, 39, 42-44].

To analyze structure of polymers 2, 5-8, we used data from the study [39], which demon-
strated that cis-units have resonances of olefinic protons in a stronger field in relation to trans-
units (Figure 15(a)).

Overlap of resonances corresponding to cis- and trans-structures occurs in polymer obtained
from monomer 4 (Figure 15(c)).

The spectrum of polymer 3 is more complex if compared with spectra of polymers 2 and 4,
since molecule 3 possesses chiral properties. To correlate the shifts, we applied the approach
suggested in the following study [43]; it was used to analyze the structure of polymers
obtained from chiral products of norbornene using NMR-spectra COSY.

Implementation of this approach alongside with assumption that resonances of olefinic pro-
tons in cis-fragments are shifted to a higher field in relation to trans-fragments [44] allowed
referring resonances of olefin region to four possible structures (Figures 15(b) and 16).

trans
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Figure 15. The region of olefinic protons 'H NMR-spectra of polymers obtained with polymerization of 2—4 catalyzed by 1.
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Figure 16. COSY-spectrum of polymer exo,endo-2,3-dicarbomethoxy-5-norbornene.

Monomer 2 3 4 5 6 7 8
Number of cis-units in polymer, % 57 54 43 56 55 56 55
Number of trans-units in polymer, % 43 44 57 44 45 44 45

Table 5. The number of cis- and trans-units in polymers obtained during polymerization of 2-8 over 1.

Table 5 demonstrates what of cis- and trans-units of polymers obtained from diesters of 5-
norbornene-2,3-dicarboxylic acid contain.

Data given in Table 5 only offer estimative characteristic of polymers structure but allow
comparing in series monomers under study. Given these data, we can highlight that polymers
obtained from exo,exo-2,3-dicarbomethoxy-5-norbornenes have a similar structure. Neither
elongation of radical of ester substituent nor its branching affects the ratio of cis- and trans-
fragments. The change of substituents orientation in positions 2 and 3 in relation to norbornene
ring causes the change in the number of cis- and trans-structures in the case of monomer 4.
Transfer of one ester substituent from exo- into endo-position would not bring about the
increase of trans-units. The situation observed can be explained if we take into consideration
that there are two ways monomer molecules are attached to active ruthenium with the forma-
tion of trans- and cis-structures (Figure 17).
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Figure 17. Two possible orientations 4 when attached to active form of ruthenium complex.

In the case when it is attached with the formation of trans-structure, a methylene bridge of
norbornene ring and bulky H,IMes-ligand hinder the monomer placement near the double
bond of ruthenium. For exo,exo-derivatives, it is a more substantial hindrance if compared
with ester groups which deter the attachment with the formation of cis-structures. On the
contrary, for monomer 4, two atoms of oxygen in esters are more of an obstacle for the
attachment to active ruthenium than a methylene bridge of norbornene ring.

Figure 17 demonstrates that both carbonyl oxygen hinder the distribution of monomer 4 near
the double bond of active ruthenium in such a way that attachment with the formation of
trans-unit is sterically more beneficial. This is also seen in an increased number of trans-units in
polymer obtained with monomer 4. For monomer 3, only one carbonyl oxygen is a hindrance
and that is why the part of trans-units in the obtained polymer remains practically the same if
compared with monomer 2.

Thus, using monomers 2, 5-8, it is stated that the length and branching aliphatic radical of
exo, exo-derivatives do not affect the ratio of cis- and trans-fragments in the obtained polymers.
The orientation of ester substituents in relation to norbornene ring in 2,3-dicarbomethoxy-5-
norbornenes affect the ratio of cis- and trans-fragments in polymers obtained from monomers
2—4. The transfer of two ester substituents to endo-position increases the share of trans-units,
which is due to more substantial steric hindrances caused by carbonyl oxygen of ester monomer
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group and HyIMes-ligand of catalyst when forming cis-structure if compared with the obstacles
caused by methylene bridge of norbornene ring and HIMes-ligand of catalyst when forming
trans-structure.

6. Conclusion

To summarize, it is necessary to note that metathesis polymerization with cycle opening has
proved to be a powerful method of synthesizing polymers. Materials obtained with this method
possess good exploitation characteristics and have already proved effective on the market of
polymer goods. Development of carbene complexes based on ruthenium has made it possible to
synthesize polymers from ester of 5-norbornene-2,3-dicarboxylic acid using ROMP. To obtain
polymer materials by described process, a technology of injection molding in which polymeriza-
tion rate matters most. Largely, polymerization rate is defined by the structure of catalyst and
monomer. The activity of ruthenium catalyst complexes is well studied and apart from the struc-
ture of the complex itself it depends on a number of external factors including temperature, solvent
polarity, presence of acceptor or donor compounds, etc. The structure of monomer also affects
polymerization rate. It is known that steric factor during polymerization of dicyclopentadiene and
oxygenated derivatives of norbornene contribute greatly to the reaction rate.

In most studies, the researchers used kinetic correlations to estimate reaction capacity of
different compounds. As a rule, kinetic data are obtained with NMR method, studying poly-
merization in-situ. The technique of such experiments is well adjusted by many scholars and
has proved to be effective.

Implementing this approach, it is shown how the structure of esters of 5-norbornene-2,3-dicar-
boxylic acid affects their reaction capacity and activation parameters in metathesis polymeriza-
tion with cycle opening initiated by ruthenium complex of Hoveyda-Grubbs type II with
N-chelating ligand. Taking the values of activation parameters, it is assumed that there may
exist active ruthenium in chelated form, which is proved in the following studies [28, 36, 45].

It was established that the increase in the length of hydrocarbon radical does not affect greatly
the reactivity, but it influences substantially the activation parameters. Branching aliphatic
radical affects greatly both reactivity and activation parameters of polymerization. Based on
the change in activation parameters, it might be assumed that active form of ruthenium
complex forms intramolecular complex with different stability of this complex.

It was stated that mutual position of ester substituents in relation to norbornene ring affects
both reactivity and activation parameters of 2,3-dicrabomethoxy-5-norbornenes. The presence
of a substituent for the monomer molecule in endo-position reduces reaction capacity of this
monomer [46]. Activation parameters are directly depended on the ability of monomer to form
intramolecular complex with active form of ruthenium.

Based on NMR-spectra, we estimated the structures of the obtained polymers. Based on
the correlation of cis- and trans-fragments, it was established that the length and branching
aliphatic radical of exo,exo-2,3-dicarboxy-5-norbornenes and exo,endo-orientation of ester



Ring Opening Metathesis Polymerization
http://dx.doi.org/10.5772/intechopen.71085

substituents of 2,3-dicarbomethoxy-5-norbornene do not affect the structure of the obtained
polymers. Endo,endo-orientation of two ester substituents of 2,3-dicarbomethoxy-5-norbornene
increases the number of trans-units in the polymer, which is attributed to more substantial steric
hindrances caused by carbonyl oxygen of monomer ester group and HyIMes-ligand of catalyst
when forming cis-structure if compared with hindrances caused by methylene bridge of
norbornene ring and HyIMes-ligand of catalyst when forming trans-structure.

Author details

Alexey Lyapkov'*, Stanislav Kiselev?, Galina Bozhenkova®, Olga Kukurina',

Mekhman Yusubov' and Francis Verpoort'>

*Address all correspondence to: alexdes@tpu.ru

1 National Research Tomsk Polytechnic University, Tomsk, Russia
2 Tomsk Oil and Gas Research and Design Institute, Tomsk, Russia

3 State Key Laboratory of Advanced Technology for Materials Synthesis and Processing; and
Department of Applied Chemistry, Faculty of Sciences, Wuhan University of Technology,
Wuhan, China

References

[1] Grubbs RH, Chang S. Recent advances in olefin metathesis and its application in organic
synthesis. Tetrahedron. 1998;54(18):4413-4450. DOI: 10.1016/50040-4020(97)10427-6

[2] IvinK]. Some recent applications of olefin metathesis in organic synthesis: A review. Journal
of Molecular Catalysis A: Chemical. 1998;133(1):1-16. DOI: 10.1016/51381-1169(97)00249-5

[3] Ahmed SR, Bullock SE, Steven E, Cresce SE, Kofinas P. Polydispersity control in ring
opening metathesis polymerization of amphiphilic norbornene diblock copolymers. Poly-
mer. 2003;44(17):4943-4948. DOI: 10.1016/50032-3861(03)00487-7

[4] Bozhenkova GS, Ashirov RV, Lyapkov AA, Kiselev SA, Yusubov MS, Verpoort F. Novel
polymers based on dimethyl esters of norbornene dicarboxylic acids synthesized using
metathesis ring-opening polymerization. Current Organic Synthesis. 2017;14(3):383-388.
DOI: 10.2174/1570179413666161031151319

[5] Bielawski CW, Grubbs RH. Living ring-opening metathesis polymerization. Progress in
Polymer Science. 2007;32(1):1-29. DOI: 10.1016/j.progpolymsci.2006.08.006

[6] Lexer C, Saf R, Slugovc C. Acrylates as termination reagent for the preparation of semi-
telechelic polymers made by ring opening metathesis polymerization. Journal of Polymer
Science Part A: Polymer Chemistry. 2009;47(1):299-305. DOI: 10.1002/pola.23137

39



40 Recent Research in Polymerization

[7]

[8]

[9]

[10]

[12]

[14]

[16]

[17]

Benson SW, Cruickshank FR, Golden DM, Haugen GR, O’Neal HE, Rodgers AS, Shaw R,
Walsh R. Additivity rules for estimation of thermodynamical properties. Chemical Reviews.
1969;69(3):279-324. DOI: 10.1021/cr60259a002

North M. ROMP of Norbornene Derivatives of Amino-Esters and Amino-Acids. In:
Khosravi E., Szymanska-Buzar T. (eds) Ring Opening Metathesis Polymerisation and
Related Chemistry. NATO Science Series (Series II: Mathematics, Physics and Chemistry),
Springer, Dordrecht; 2002;56:157-166. DOI: 10.1007/978-94-010-0373-5_13

Patton PA, Lillya CP, McCarthy TJ. Olefin metathesis of cyclohexene. Macromolecules.
1986;19(4):1266-1268. DOI: 10.1021/ma00158a056

Benedicto AD, Claverie JP, Grubbs RH. Molecular weight distribution of living polymer-
ization involving chain-transfer agents: Computational results, analytical solutions, and
experimental investigations using ring-opening metathesis polymerization. Macromole-
cules. 1995;28(2):500-511. DOI: 10.1021/ma00106a013

Darling TR, Davis TP, Fryd M, Gridnev AA, Haddleton DM, Ittel SD, Mathenson RR,
Moad G, Rizzardo E. Living polymerization: Rationale for uniform terminology. Journal
of Polymer Science Part A: Polymer Chemistry. 2000;38(10):1706-1708. DOI: 10.1002/
(SICI)1099-0518(20000515)38:10<1706:: AID-POLA20>3.0.CO;2-5

Calderon N, Chen HY, Scott KW. Olefin metathesis— A novel reaction for skeletal trans-
formations of unsaturated hydrocarbons. Tetrahedron Letters. 1967;8(34):3327-3329. DOI:
10.1016/S0040-4039(01)89881-6

Calderon N, Ofstead EA, Ward JP, Judy WA, Scott KW. Olefin metathesis. 1. Acyclic
vinylenic hydrocarbons. Journal of the American Chemical Society. 1968;90(15):4133-
4140. DOI: 10.1021/ja01017a039

Calderon N, Ofstead EA, Judy WA. Ring-opening polymerization of unsaturated alicyclic
compounds. Journal of Polymer Science Part A: Polymer Chemistry. 1967;5(9):2209-2217.
DOI: 10.1002/pol.1967.150050901

Dall’Asta G, Mazzanti G, Natta G, Porri L. Anionic coordinated polymerization of
cyclobutene. Die Makromolekulare Chemie. 1962;56(1):224-227. DOI: 10.1002/macp.1962.
020560118

Natta G, Dall’Asta G, Mazzanti G. Stereospecific homopolymerization of cyclopentene.
Angewandte Chemie, International Edition. 1964;3(11):723-729. DOIL: 10.1002/anie.196407231

Rinehart RE, Smith HP. The emulsion polymerization of the norbornene ring system
catalyzed by noble metal compounds. Journal of Polymer Science, Part B: Polymer Let-
ters. 1965;3(12):1049-1052. DOI: 10.1002/pol.1965.110031215

Fischer EO, Maasbol A. On the existence of a tungsten carbonyl carbene complex.
Angewandte Chemie, International Edition. 1964;3(8):580-581. DOI: 10.1002/anie.196405801

Casey CP, Burkhardt TJ. (Diphenylcarbene)pentacarbonyltungsten(0). Journal of the
American Chemical Society. 1973;95(17):5833-5834. DOI: 10.1021/ja00798a103



[22]

[25]

[26]

[28]

[30]

[31]

Ring Opening Metathesis Polymerization
http://dx.doi.org/10.5772/intechopen.71085

Katz TJ, Lee §J, Acton N. Stereospecific polymerization of cycloalkenes induced by a metal-
carbene. Tetrahedron Letters. 1976;17(47):4247-4250. DOI: 10.1016/0040-4039(76)80086-X

Nguyen ST, Johnson LK, Grubbs RH, Ziller JW. Ring-opening metathesis polymerization
(ROMP) of norbornene by a group VIII carbene complex in protic media. Journal of the
American Chemical Society. 1992;114(10):3974-3975. DOI: 10.1021/ja00036a053

Schwab P, France MB, Ziller JW, Grubbs RH. A series of well-defined metathesis cata-
lysts—synthesis of [RuCl,(=CHR’)(PR3),] and its reactions. Angewandte Chemie, Interna-
tional Edition. 1995;34(18):2039-2041. DOI: 10.1002/anie.199520391

Grubbs RH, Wenzel AG, editors. Handbook of Metathesis. Volume 1: Catalyst Development
and Mechanism. Second ed. Weinheim: Wiley-VCH Verlag GmbH & Co. KGaA; 2015. p. 448

Scholl M, Trnka TM, Morgan JP, Grubbs RH. Increased ring closing metathesis activity
of ruthenium-based olefin metathesis catalysts coordinated with imidazolin-2-ylidene
ligands. Tetrahedron Letters. 1999;40(12):2247-2250. DOI: 10.1016/S0040-4039(99)00217-8

Garber SB, Kingsbury JS, Gray BL, Hoveyda AH. Efficient and recyclable monomeric
and dendritic Ru-based metathesis catalysts. Journal of the American Chemical Society.
2000;122(34):8168-8179. DOI: 10.1021/ja001179g

Keitz BK, Fedorov A, Grubbs RH. Cis-selective ring-opening metathesis polymerization
with ruthenium catalysts. Journal of the American Chemical Society. 2012;134(4):2040-
2043. DOI: 10.1021/ja211676y

Afanasyev VV, Nizovtsev AV, Dolgina TM, Bespalova NB. Ruthenium catalyst for dicyclo-
pentadiene polymerization and preparation method thereof (options). Pat. 2374269 RU,
IPC C08F32/08, C08F132/08, C08F4/80, B01J27/13, B01J27/24. Ne 2008100385/04. PubDate:
27-11-2009; Applicant and patent holder of JSC SIBUR Holding

Nelson WL, Freeman DS, Sankar R. Bicyclic amino alcohols. Isomeric 2-dimethylami-
nomethyl-3-hydroxymethylbicyclo[2.2.1]hept-5-enes. The Journal of Organic Chemistry.
1975;40(25):3658-3664. DOI: 10.1021/j000913a010

Sanford MS, Love JA, Grubbs RH. Mechanism and activity of ruthenium olefin metathesis
catalysts. Journal of the American Chemical Society. 2001;123(27):6543-6554. DOI: 10.1021/
ja010624k

Kiselev SA, Zemlyakov DI, Ashirov RV, Lyapkov AA. Activity of original Hoveyda-Grubbs
IT catalyst in ring-opening metathesis polymerization of exo,exo-2,3-dicarbomethoxy-5-
norbornene in two different solvents. In: Proceedings of III International Scientific School-
Conference for Young Scientists “Catalysis: From Science to Industry”; 26-30 October 2014;
Tomsk, Russia; Tomsk: Publishing “Ivan Fedorov”; 2014. p. 61

Allaert B, Dieltiens N, Ledoux N, Vercaemst C, Van Der Voort P, Stevens CV, Linden A,
Verpoort F. Synthesis and activity for ROMP of bidentate Schiff base substituted second
generation Grubbs catalysts. Journal of Molecular Catalysis A: Chemical. 2006;260(1-2):
221-226. DOI: 10.1016/j.molcata.2006.07.006

41



42

Recent Research in Polymerization

[32]

[34]

[36]

[38]

[39]

[40]

[41]

[42]

Holland MG, Griffith VE, France MB, Desjardins SG. Kinetics of the ring-opening metath-
esis polymerization of a 7-oxanorbornene derivative by Grubbs catalyst. Journal of Poly-
mer Science Part A: Polymer Chemistry. 2003;41(13):2125-2131. DOI: 10.1002/pola.10761

Louie J, Grubbs RH. Highly active metathesis catalysts generated in situ from inexpensive
and air-stable precursors. Angewandte Chemie. 2001;113(1):253-255. DOI: 10.1002/1521-
3757(20010105)113:1<253::AID-ANGE253>3.0.CO;2-Z

Bazan GC, Schrock RR, Cho HN, Gibson VC. Polymerization of functionalized Norbornenes
employing Mo(CH-t-Bu) (NAr) (O-t-Bu), as the initiator. Macromolecules. 1991;24(16):4495-
4502. DOI: 10.1021/ma00016a003

Kiselev SA, Lenev DA, Lyapkov AA, Semakin SV, Bozhenkova GS, Verpoort F, Ashirov
RV. Reactivity of norbornene esters in ring-opening metathesis polymerization initiated
by a N-chelating Hoveyda II type catalyst. RSC Advances. 2016;6(7):5177-5183. DOI:
10.1039/C5RA25197D

Haigh DA, Kenwright AM, Khosravi E. Nature of the propagating species in ring-
opening metathesis polymerizations of oxygen-containing monomers using well-defined
ruthenium initiators. Macromolecules. 2005;38(18):7571-7579. DOI: 10.1021/ma050838c

P’Pool SJ, Schanz H-J. Reversible inhibition/activation of olefin metathesis: A kinetic
investigation of ROMP and RCM reactions with Grubbs’ catalyst. Journal of the American
Chemical Society. 2007;129(46):14200-14212. DOI: 10.1021/ja071938w

Rule JD, Moore ]JS. ROMP reactivity of endo- and exo-dicyclopentadiene. Macromole-
cules. 2002;35(21):7878-7882. DOI: 10.1021/ma0209489

Ashirov RV, Zemlyakov DI, Lyapkov AA, Kiselev SA. Kinetics of the metathesis poly-
merization of 5,6-di(methoxycarbonyl)bicycle[2.2.1]Thept-2-enes on an original Hoveyda-
Grabbs II type catalyst. Kinetics and Catalysis. 2013;54(4):494-499. DOI: 10.1134/50023
158413040010

Delaude L, Demonceau A, Noels AF. Probing the Stereoselectivity of the ruthenium-
catalyzed ring-opening metathesis polymerization of norbornene and norbornadiene
diesters. Macromolecules. 2003;36(5):1446-1456. DOI: 10.1021/ma021315x

Schrock RR. Synthesis of stereoregular ROMP polymers using molybdenum and tungsten
imido alkylidene initiators. Dalton Transactions. 2011;40(29):7484-7495. DOI: 10.1039/c1d
t10215j

Flook MM, Ng VWL, Schrock RR. Synthesis of cis,syndiotactic ROMP polymers containing
alternating enantiomers. Journal of the American Chemical Society. 2011;133(6):1784-1786.
DOI: 10.1021/ja110949¢

Oskam JH, Schrock RR. Rotational isomers of Mo(VI) alkylidene complexes and Cis/trans
polymer structure: Investigations in ring-opening metathesis polymerization. Journal of
the American Chemical Society. 1993;115(25):11831-11845. DOI: 10.1021/ja00078a023



[44]

[46]

Ring Opening Metathesis Polymerization
http://dx.doi.org/10.5772/intechopen.71085

O'Dell R, McConville DH, Hofmeister GE, Schrock RR. Polymerization of enantio-
merically pure 2,3-dicarboalkoxynorbornadienes and 5,6-disubstituted norbornenes by
well-characterized molybdenum ring-opening metathesis polymerization initiators.
Direct determination of tacticity in cis, highly tactic and trans, highly tactic polymers.
Journal of the American Chemical Society. 1994;116(8):3414-3423. DOI: 10.1021/ja0008
7a028

Pollino JM, Stubbs LP, Weck M. Living ROMP of exo-norbornene esters possessing Pd 11
SCS pincer complexes or diaminopyridines. Macromolecules. 2003;36(7):2230-2234. DOI:
10.1021/ma025873n

Ashirov RV, Zemlyakov D, Lyapkov AA, Kiselev S, Vervacke D. The relative reactivity
of 2,3-dicarbomethoxy-5-norbornenes in metathesis polymerization using the original
N-chelating ruthenium carbene complex. Journal of Applied Polymer Science. 2014;131(8):
401301-401307. DOI: 10.1002/app.40130

43



ntechOpen

ntechOpen



