2076 Organometallics 2005, 24, 2076—2085

Possible Thermal Decomposition Routes in
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Combined quantum mechanical (QM) and molecular mechanical (MM) models (QM/MM)
have been used to explore possible decomposition routes for ion pair systems used as catalysts
in olefin polymerization. The catalyst systems include [MeB(CgF5)s] [(NPR3).TiMe™],
[MeB(CgF'5)3] [(Cp)(INCRg)TiMe'], and [MeB(Cg¢F5)s] [(Cp)(SiMesNR)TiMe*]. The possible
thermal decomposition routes for the above catalyst systems include fluorine transfer from
[MeB(CgF'5)s]~ to the metal center, aryl transfer (C¢F'5) to the growing chain, transfer of
B(CgF5); from [MeB(CgF'5)s]~ to the ancillary ligand, exchange of methyl on butyl from the
ancillary ligand with aryl in [MeB(C¢F'5)3], transfer of hydrogen from the Cp* ring to the
growing chain, and transfer of hydrogen from the methyl group on tertiary butyl to the
growing chain. The activation barriers fall in the range 15.5—68.7 kcal/mol. The transfer of
fluorine from the counterion to the metal center is the most facile deactivation pathway.

Introduction

The development of new single-site olefin polymeri-
zation catalysts that do not exclusively contain the bis-
cyclopentadienyl (bis-Cp) ancillary ligands has experi-
enced a phenomenal acceleration over the past few
years.! A variety of strategies have been employed to
explore the potential of other ligand systems. The most
common way of developing such catalyst systems has
been to replace one or both of the Cp ligands in the
metallocenes by other donor groups. A notable example
of this approach is the so-callled “constrained-geometry
catalysts” first introduced by Bercaw? in which Cp
ligands are combined with an amide functionality. This
system is now used commercially by Dow? and Exxon.*
More recently, a number of Cp(L)TiX; systems (L. = OR,5
NCRz,® NRy,” NPR3,® SR,? and alkyl!®) have been
prepared and tested in olefin polymerization catalysis.

* To whom correspondence should be addressed. E-mail: ziegler@
ucalgary.ca.
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Stephan et al. have also developed several families of
highly active Ti-containing olefin polymerization cata-
lysts with bis(phosphinimide) as ancillary ligands.!! In
general, in conjunction with activators such as methyl-
aluminoxane (MAQO), B(CsF5)3, and [A]T[B(CeF5)a~ (A
= CPhs, HNR3), the aforementioned complexes have
been found to provide catalysts with moderate to high
activity, making them viable alternatives to the met-
allocene systems.

However, these catalyst systems have also been found
to undergo deactivating side reactions, leading to the
eventual poisoning of the catalyst, thereby decreasing
their productivity. The types of deactivation pathways
are determined by the strength of the cation—anion
interaction. For contact ion pairs, a number of deactiva-
tion pathways have been observed for the catalyst
systems based on borane and trimethylaluminum acti-
vations. The most commonly observed deactivation
pathway is CgF5-group transfer to the cationic metal
center.!? We have recently reported another commonly
observed deactivation pathway, which involves hydro-
gen transfer from the bridging methyl group to the
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Scheme 1. Hydride Transfer Decomposition Pathways Involving the Ketimide Catalyst®
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@ Selected bond distances (A) and bond orders (in parentheses) are shown for reactants (left) and products (right).

growing chain.!® In this study, we report additional
competing thermal deactivation pathways involving the
ion pair [MeB(CgF'5)s] [LeTiMe™].

Computational Methods and Details

Density functional theory calculations were carried out
using the Amsterdam Density Functional (ADF) program
system, developed by Baerends et al.'* and vectorized by
Ravenek.’® The numerical integration scheme applied was
developed by te Velde et al.,'® and the geometry optimization
procedure was based on the method of Verslius and Ziegler.”

Slater-type double-¢ plus polarization basis sets were em-
ployed for H, B, C, N, O, F, Si, P, and Cl atoms, while a triple-¢
plus polarization basis set was used for the Ti atom. All
calculations were based on the PW91 exchange—correlation
functional.’® Combined quantum mechanical (QM) and mo-
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lecular mechanical (MM) models (QM/MM) have been applied
throughout this study. In this model, QM/MM atoms were
employed to model the tertiary butyl groups, with hydrogens
used as capping atoms. For systems involving the tertiary
butyl group itself, QM atoms have been employed. The MM
atoms were described using the SYBYL/TRIPOS 5.2 force field
constants.’® The code for QM/MM in ADF has been imple-
mented by Woo et al.2’ The QM/MM model for [MeB(CeF5)3]~
has been validated in a previous study.?!

Results and Discussion

In this paper, we report the results from theoretical
investigations on thermal decomposition routes involv-
ing the ion pair systems. We shall demonstrate how
electronic and steric effects can modify the activation
barrier.

A. Intramolecular C—H Activation. Scheme 1
displays three possible deactivation pathways based on
intramolecular C—H activation. Pathway A represents
transfer of hydrogen from Cs;Mes (Cp*) to the growing
polymer (CHjs), whereas pathway B involves the transfer
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Table 1. Activation Energies and Heat of Reaction
(kcal/mol) for Hydrogen Transfer®

Wondimagegn et al.

Table 2. Activation Energies and Heat of Reaction
(kcal/mol) for the Fluoride Transfer Process

pathway heat of reaction activation energy
A 11.0 38.3
B 15.5 34.0
C 7.1 21.9

@ The catalyst is (Cp)(NCRg)TiMe-u-MeB(CgF'5)3 in all cases.
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Figure 1. Selected optimized transition state geometries
(A) and bond orders (in parentheses) for hydride transfer
reactions involving pathways A (a), B (b), and C (c).

of hydrogen from the ancillary ligand to methyl attached
to the metal center. Finally, pathway C depicts the
transfer of hydrogen from the counterion to the growing

heat of activation
catalyst reaction energy
(NPRj3)2TiMe-u-MeB(CsF'5)3 -39.5 24.8
(CpSiMeoNR)TiMe-u-MeB(CsF5)3 —57.8 15.5

polymer. All these reactions produce methane. Pathway
C has been studied both experimentally® and theoreti-
cally!® for the ketimide catalyst [MeB(CgF5)3]~[(Cp)-
(NCRg2)TiMe]*. We shall for comparison restrict our
study of pathways A and B to the same system.

Table 1 presents the activation energies and heat of
reaction for all three hydrogen transfer reactions. As
illustrated in the table, the activation barriers fall in
the range 22—38 kcal/mol. The lowest activation barrier
was obtained for the transfer of hydrogen from the
counterion to the growing polymer (pathway C). This
reaction pathway has been extensively studied for a
variety of catalyst systems in our laboratory.!? Pathways
A and B have also been studied for the cationic catalyst
LyTiMe™.22

Figure 1 depicts optimized transition state geometries
and bond orders for all three hydrogen transfer reac-
tions. As can be seen from the figure, the reaction
involves the breakage of two bonds, the C—H and
Ti—CHjs linkages, and the corresponding formation of
two bonds, Ti—CH2R and H—CHjs;. For the hydrogen
transfer reaction to take place, for pathways A, B, and
C, the methyl group on the Cp* ring, the methyl group
on butyl, and the bridging methyl group in MeB(CgF5)s~
have to lose a hydrogen to the accepting a-carbon in the
growing polymer (CHs), respectively. It is thus clear that
the interaction between the metal center and the CHsR
carbon (the carbon that has undergone C—H activation)
is an important factor for determining the activation
barrier for A, B, and C.

In pathway C, the carbon undergoing C—H activation
is already coordinated to the metal center as part of the
anion in the reactant, whereas the C—H activated
carbons in A and B have to establish Ti—C bonds by
increasing the coordination around the metal; see
Scheme 1 and Figure 1. The Ti—CH3R distances in t}%e
transition states of A and B at 2.48 and 2.42 A,
respectively, are as a consequence longer than for C at
2.05 A and the barriers for A and B are correspondingly
higher (see Figure 1 and Table 1). We also note that
the activated hydrogen on route to the CHjz growing
chain in the transition states are stabilized by Ti—H
interactions. The Ti—H distance is shortest for C, Figure
1, with the least coordinated metal center. This again
helps to stabilize the TS of C compared to A and B. In
general, the barriers for the three pathways correlate
well with the Ti—CH3R and Ti—H distances, Figure 1,
with the order A > B > C.

Our analyses here of the barriers for A, B, and C were
also supported by a bond order?3 analysis, which clearly
finds C to have the largest bond order for the Ti—H and
Ti—CH3R linkages, Figure 1. For the heat of reaction,
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Scheme 2. Fluoride Transfer Reactions
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pathway C is again most favorable. However, the order
for the other two pathways has now been changed to B
> A. Our bond order analysis, Scheme 1, of the products
indicates that the Ti—Cp™* bond order increases in A but
not in B after C—H activation.

Pathway A is a commonly observed deactivation
reaction. Marks et al. have reported the reaction of the
bulky precatalyst (1,3-'BugsCp)eZrMes with the activator
B(Cg¢F5); to produce a C—H-activated metallacyclic
cation.?* The product formed in this reaction is inactive
with respect to ethylene polymerization or oligomeriza-
tion. Marks et al. have also studied the reaction of
Cp*TiMes with B(Cg¢F'5)s to form an intramolecularly
metalated fulvene-type cationic complex and methane.25
Such a complex has been observed previously in the case
of a dibenzyl precursor of the constrained-geometry
catalyst.26 Erker et al. have investigated the reaction
of the precatalyst (C4{H5sCMesNMes)oZr(CHs)e with the
activator B(CgF'5)3.2” The resulting methylzirconocene
cation is extremely reactive with regard to an intramo-
lecular C—H activation reaction. The observed C—H
activation process takes place at the N—CHjs group,
involving a four-centered transition state.

B. Fluorine Transfer to the Metal. Table 2 dis-
plays activation energies and heat of reaction for the
fluoride transfer pathway shown in Scheme 2. It follows
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from Table 2 that these reactions are highly exothermic
and the activation energies are 15.5 and 24.8 kcal/mol
for CGC and the bis(phosphinimide) systems, respec-
tively. This is the most facile ion pair deactivation
pathway we have encountered so far.

As illustrated in Scheme 2, the fluorine transfer
reaction forms a four-centered transition state. The
fluorine leaves the aryl group as F~, forming a positive
charge on the ring. In a similar way, the bridging methyl
group in CH3B(CgF5)s~ leaves as CH3~, making the
metal center more positive. We have carried out a bond
order analysis to evaluate the total bonding around
titanium. The bis(phosphinimide) catalyst has a higher
bond order (4.46) around titanium than the constrained-
geometry catalyst (4.15) system. It is thus clear that
CGC is more susceptible (electropositive) for further
coordination than the bis(phsophinimide) system. In the
transition state, the metal center in CGC can more
readily accept the incoming F~. This is reflected by the
lower barrier reported for this system.

The optimized transition state structures for the
fluoride transfer reactions are shown in Figure 2. As
seen from the figure, the Ti—F distances are 1.95 and
2.01 A for the constrained-geometry and the bis(phos-
phinimide) catalyst systems, respectively. For the con-
strained-geometry catalyst, the F—CgF'5, CH3—°C6F5, and
CH;3—B distances are 1.60, 2.16, and 1.96 A, respec-
tively. The corresponding distances for bis(phsphinimide
catalyst systems are 1.51, 3.1, and 1.61 A, respectively.

(27) Bertuleit, A.; Fritze, C.; Erker, G.; Frohlich, R. Organometallics
1997, 16, 2891.
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Figure 2. Optimized transition state geometries (A) for
fluoride transfer reactions involving the constrained-
geometry (a) and the bis(phosphinimide) (b) catalyst sys-
tems.

All the structural parameters presented above cor-
roborate the observed activation barrier differences
between these systems. For example, the Ti—F distance
in CGC is shorter than the corresponding distance in
bis(phosphinimide) systems. Thus, the interaction be-
tween the metal center and the fluorine atom is stronger
in the constrained-geometry catalyst system. This ap-
pears to be the case that stabilizes the transition state,
as evidenced by the lower barrier reported for the CGC
system.

This deactivation pathway has been investigated
experimentally by Marks et al.222 Prolonged standing
of a solution of Cp*ZrCH3"B(CgF'5)sCHs™ in benzene at
25 °C results in the formation of the fluoride-bridged
complex [Cp*a(CHg)Zr(u-F)Zr(CHg)-Cp*2l "CH3B(CgF5)s.
This complex can be viewed as an adduct between
Cp*ZrCH;3"B(Cg¢F5)sCH3™ and Cp*eZr(CH3)F. Marks et
al. have proposed two possible mechanisms for the
formation Cp*9Zr(CH3)F. The first mechanism involves
the transfer of an aryl group to the metal center to form

Wondimagegn et al.

Table 3. Activation Energies and Heat of Reaction
(kcal/mol) for Aryl Group Transfer

heat of activation
catalyst reaction energy
(NPRg3)2TiMe-u-MeB(CsF'5)s 13.6¢ 38.5
(CpSiMeoNR)TiMe-u-MeB(CsF5)3 3.0 (32.6) 35.9

@ Product (c) of Figure 4. ® Product (b) of Figure 4. ¢ Product (a)
of Figure 4.

Cp*9ZrCH3CgF5 and CH3B(CgF5)s, followed by o-fluoride
abstraction to form Cp*;Zr(CH3)F and organoboron
species. The second mechanism involves direct fluoride
transfer to the zirconium cation. We have considered
the latter mechanism for our theoretical investigation
and found that it indeed is a plausible deactivation
pathway.

C. Aryl Transfer to the Growing Chain. The
activation energies and heat of reaction for the aryl
group transfer reaction from the counterion to the
growing chain are shown in Table 3. This reaction is
presented in Scheme 3. The aryl group transfer reac-
tions are endothermic, and the activation energies are
35.9 and 38.5 kcal/mol for the constrained-geometry
catalyst and bis(phsophinimide) systems, respectively.
This reaction is also a possible deactivation pathway
and may compete with ring-metalated intramolecular
C—H activation reactions discussed above. The CGC
catalyst has a lower activation barrier than the bis-
(phophinimide) system. The optimized transition state
structures depicted in Figure 3 do not show the observed
differences in activation energy between the two sys-
tems. The lower barrier obtained for the CGC system
is due to steric effects. The steric bulk of the bis-
(phosphinimide) ligand is larger than the CGC system.
Attempts to optimize the product formed from the aryl
group transfer reaction as shown in Scheme 3 failed for
the bis(phsophinimide) system. Instead, we obtained a
four-coordinated product, presented in Figure 4. The
unexpected product observed for the bis(phosphinimide)
catalyst system prompted us to undertake similar calcu-
lation for the CGC catalyst. It indeed gave a product
that is more stable than the complex outlined in Scheme
3. The new bonds, Ti—H and Ti—CH2B(CgF5)e, stabilize
the product complex. The Ti—CHjs (bridging methyl)
bond in CGC is considerably displaced from the metal
center, and there are no new bonds formed (see Fig-
ure 4). As discussed in the previous section, the CGC
catalyst system is more susceptible for further coordi-
nation than the bis(phosphinimide) system. This ex-
plains why the CGC system (final product in Figure 4b)
is more thermodynamically favorable than the bis-
(phosphinimide) system (only product formed in Fig-
ure 4c).

D. Exchange of Methyl on Butyl with Aryl in
B(CgF'5)3. Scheme 4 exhibits exchange of methyl on
butyl with aryl in B(C¢F'5)3. The activation energies and
the heat of reactions are given in Table 4. The activation
barriers are high, and thus, this deactivation pathway
is not a likely decomposition route for these catalyst
systems. As can be seen from the scheme, the reaction
involves the breakage of two strong bonds, C—CHj3 and
B—C¢F'5, and the corresponding formation of two new
bonds, C—CgF5 and B—CHs. The transition state struc-
tures reveal that the B—CgF5 bond has lengthened
considerably. At the same time, there has only been a
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Figure 3. Optimized transition state geometries (A) for the aryl group transfer reactions involving the constrained-

geometry (a) and the bis(phosphinimide) (b) catalyst systems.

Scheme 3. Aryl Group Transfer to the Growing Polymer
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partial formation of the C—CgF's bond, while the forma-
tion of the B—CHjs bond has not occurred (see Figure
5). This explains the very high barriers observed for this

reaction.

N, __—SC—B(CeFs);

H

E. B(CgF'5)3 Group Transfer to Nitrogen of the
Ancillary Ligand. Table 5 shows the heats of reaction
for B(CsF5)3 transfer to nitrogen of the ancillary ligand
for CGC and bis(phosphinimide) systems. As shown in
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Figure 4. Selected optimized geometries (A) of products
formed from the decomposition involving aryl transfer to
the growing chain. (a) Initial product formed by constrained-
geometry catalyst. (b) Final product formed by constrained-
geometry catalyst after hydride transfer to the metal. (c)
Only product formed by bis(phosphinimide).

Scheme 5, this involves the breakage of a strong bond,
B—CHjs, and the corresponding formation of a new bond,
B—N. The B—CHj bond is stronger than the B—N bond,;
that is why this deactivation pathway is thermodynami-
cally unfavorable.

Wondimagegn et al.

F. Aryl Group Transfer to Metal and CH,B-
(C¢F5)2 Transfer to Nitrogen of the Ancillary
Ligand. Also, Table 5 presents the heats of reaction for
aryl transfer to the metal center and CH3sB(CgF'5)2 group
transfer to the nitrogen of the ancillary ligand. This
deactivation pathway is highly endothermic for both
compounds, and we have not attempted to locate the
transition states for the above systems. As outlined in
Scheme 6, the Ti—CHj (bridging methyl) and B—CgF5
bonds are broken, whereas the B—N and Ti—CgF5 bonds
are formed in the course of the reaction. The B—CgF5
bond is stronger than the B—N bond. Thus, from a
thermodynamic point of view, this deactivation pathway
is not a likely decomposition route for these catalyst
systems.

G. Crossover Temperatures. Industrial-scale olefin
polymerization processes are usually performed at high
temperatures with a minimum pressure of 5 bar. In gas-
phase processes, the temperatures are kept in the range
from 80 to 100 °C, whereas the solution processes
require temperatures above 100 °C. The kinetics and
deactivation of single-site olefin polymerization catalysts
at higher temperatures and pressure are therefore of
great interest for industrial-scale applications. It is
therefore important to compare rates of decomposition
kq and rates of propagation k,. It is reasonable to
consider that the catalyst deactivates at a certain
temperature T, when the observed propagation rate
k,°% is equal to the rate of decomposition k4. We shall
refer to T, as the crossover temperature. It should be
noted that £,°%° = k,[M], where [M] is the concentration
of monomer. Both rate constants at standard conditions
can be expressed by using the Eyring equation, as
shown below, where kg is the Boltzmann constant and
h is Planck’s constant.

()= (o)« () ) -
1117— RT + R +ln7,c—d,p (1)

Here AH*, and AH*; are the enthalpy of activation for
the propagation and deactivation step, respectively,
whereas AS*, and AS*; are the corresponding entropies.
We obtain by equating k,°*° and k4 and solving for T
that

AH® — AH,
Tx= + p# (2)
AS*, — AS*, + R In(IM])

The concentration term in eq 2 can be replaced with
partial pressure because we are dealing with gas-phase
reactions. It should be noted that the propagation
process in general must have a lower barrier than the
decomposition process (AH*, < AH*;) for the catalyst
to be active at any temperature. Also, the propagation
step is bimolecular, whereas the decomposition process
under investigation is unimolecular; thus AS*; > AS*,.
Under these conditions, one is assured to obtain a
physically meaningful positive value for T,. However,
for bimolecular reactions one would obtain either a
rather high 7', (AS¥; ~ AS*¥,) or no crossover at all (AS¥;
< AS#,). Thus bimolecular decomposition reactions are
not likely candidates for deactivation as unimolecular
decomposition reactions.
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Scheme 4. Exchange of Methyl on tert-Butyl with Aryl Group in B(C¢F5)3®
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@ This scheme is also applicable for bis(phsophinimide) system.

Scheme 5. B(C¢F5)3 Group Transfer to Nitrogen of the Ancillary Ligand
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It is difficult to obtain an accurate experimental?® or adopt a common average value of AH¥, = 12.0 kcal/mol
theoretical? estimate for the enthalpic and entropic for the barrier to insertion of ethylene into the Ti—Me
parameters entering eq 2. We shall in the following bond, in close agreement with the few available experi-

mental?® and theoretical?® data. The barrier of decom-

(28) Liu, Z.; Somsook, E.; White, C. B.; Rosaaen, K. A.; Landis, C.

R. J. Am. Chem. Soc. 2001, 123, 11193. (29) Vanka, K.; Xu, Z.; Ziegler, T. Isr. J. Chem. 2002, 42, 403.
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Table 4. Activation Energies and Heat of Reaction
(kcal/mol) for Exchange of Methyl on Butyl with
Aryl Group in B(C¢F5)3

heat of activation
catalyst reaction energy
(NPR3)2TiMe-u-MeB(CsF'5)3 16.6 68.7
(CpSiMe2NR)TiMe-u-MeB(CgF5)3 10.7 62.4

position (AH*;) will on the other hand be taken from
the calculated values in Tables 1—5.

Most problematic are the activation entropies. It is
possible (but costly) to calculate theoretical AS*
values. Further, these values correspond to the gas
phase, and it is not easy to calculate the corresponding
activation entropies in solution. We adopt for AS*, a

H H
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\H/C
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H3C " ’,r”
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Figure 5. Optimized transition state geometries (A) for
the exchange of aryl in B(C¢F5); and methyl on tert-butyl.
This involves the constrained-geometry (a) and the bis-
(phosphinimide) (b) catalyst systems.

Wondimagegn et al.

Table 5. Heat of Reaction (kcal/mol) for B(Cg¢F'5)3
and CH;3B(CgF5): Transfer Reactions

catalyst heat of reaction
(NPR3)2TiMe-u-MeB(CgF5)3 59.4¢ 32.60
(CpSiMeoNR)TiMe-u-MeB(CgF5)3 46.7¢ 43.2°

@ Heat of reaction for B(Cg¢F5)3 transfer to nitrogen of the
ancillary ligand; see Scheme 5. ® Heat of reaction for CH3B(CgF5)2
transfer to L and aryl group transfer to the metal; see Scheme 5.

value of —33 cal/mol K typical for a bimolecular inser-
tion reaction.?® The monomolecular decomposition reac-
tion can be expected to have AS*; ~ 0.0 cal/mol K. For
[Cp(tBugC=N)TiMe]*[MeB(CgF5)3]~, the observed® AS*;
value is —8.5 cal/mol K, whereas we have obtained a
theoretical gas-phase value of —2.7 cal/mol K. We will
make use of all three values for the various decomposi-
tion pathways in order to gauge how a spread (uncer-
tainty) of ~9 cal/mol K influences the estimated T
values.

Table 6 presents the crossover temperature at differ-
ent entropies of activation. Here we shall illustrate the
utility of simulated crossover temperatures (Table 6) for
comparing the activity of the catalysts at higher tem-
peratures (100—250 °C). For hydrogen transfer reac-
tions, the crossover temperatures (AS¥; = 0 cal/mol K)
are 797, 667, and 300 K for pathways A, B, and C,
respectively. Thus, pathways A and B would not occur
at 100 and 250 °C. However, pathway C would occur at
100 °C. If AS*; = —2.7 cal/mol K (calculated value), we
would get a different picture for pathway C and the
crossover temperature is increased to 327 K, suggesting
the stability of the ketimide catalyst at 100 °C toward
intramolecular C—H activation. When AS¥; = —8.5
cal/(mol K) (experimental value for ketimide), the
catalyst is still stable at 100 °C toward C—H activation
via pathway C. However, it must be kept in mind that
this reaction would occur at 250 °C.

The most interesting result is the lowest crossover
temperature estimated for the constrained-geometry
catalyst involving fluoride transfer to the cationic metal
center. This reaction would occur below room temper-
ature at all three different activation entropies.

The crossover temperatures for bis(phosphinimide)
systems are 388, 422, and 522 K, corresponding to
activation entropies AS*; = 0, —2.7, and —8.5 cal/mol
K, respectively. The bis(phopshinimide) catalyst system
does not decompose at 100 °C via fluoride transfer to
the metal center. If AS¥; = —8.5 cal/mol K, the bis-
(phosphinimide) catalyst may also be active at 250 °C.
The crossover temperatures for the other decomposition
pathways depicted in Schemes 3—6 are high, and thus,
these deactivation pathways would not occur at 100 and
250 °C.

Conclusions

In summary, we have presented a combined density
functional theory and molecular mechanics investiga-
tion of deactivation pathways involving ion pair systems
used as catalysts in olefin polymerization. Indeed, the
present work on ion pair deactivation pathways may be
regarded as a culmination of our previous theoretical
work on aryl group transfer to the metal center!'? and
hydride transfer to the growing polymer,!? as well as
decomposition involving the bare cation.?2 The transfer
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Scheme 6. Aryl Group Transfer to the Metal Center and CH3B(C4¢F5)2 Transfer to Nitrogen of the Ancillary
Ligand
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Table 6. Crossover Temperatures (K) for Different
Decomposition Pathways

decomposition pathway crossover temperature

Scheme 1  (pathway A) 7977 8680 1074¢
(pathway B) 667 726 726
(pathway C) 300 327 404
Scheme 2  (CGC) 106 116 143
(bis-phosphinimide) 388 422 522
Scheme 3  (CGC) 724 789 976
(bis-phosphinimide 803 875 1082
Scheme 4  (CGC) 1527 1664 2130

(bis-phosphinimide) 1718 1871 2314

@ AS*; = 0.0 cal/mol K. ® AS*; = —2.7 cal/mol K. ¢ AS*; = —8.5
cal/mol K.

of an aryl group from the counterion to the growing
polymer and the transfer of fluoride from the counterion
to the metal center are likely decomposition pathways.

The transfer of fluoride from the counterion to the
metal center is the most facile decomposition pathway
we have considered so far. However, the transfer of
B(C¢F'5)3 to the ancillary ligand (N) and transfer of aryl
from [MeB(CgF'5)3]~ to the metal center and CH3sB(CgF'5)
to the ancillary ligand and the exchange of methyl on
butyl with an aryl group in B(Cg¢F5) are not likely

T
/C
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H
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\Ti CeFs
S
Lz\\\\\\\
B(CH3)(C6F5)2

decomposition pathways for the catalysts considered in
this investigation.

We have also studied three potential deactivation
pathways that involve hydrogen transfer reactions. The
transfer of hydrogen from the counterion to the growing
polymer is the most likely decomposition pathway.

The various decomposition pathways considered in
this study can be prevented if we employ bulky substit-
uents on the ancillary ligands. For example, the steri-
cally open systems deactivate much faster than systems
that involve sterically demanding substituents. Also, the
decomposition pathways can be eliminated if we employ
electron-donating substituents on the ancillary ligands.
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