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Catalyst Precursor Synthesis

Single-site polymerization catalysts are commercially important Scheme 1.
because the polymer’'s molecular architecture can be varied by chang-
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ligands, where the catalyst's performance depends on the nature -2 LiCl - LiCl
of the ligands.

We report the synthesis of eighteen titanium cyclopentadienyl
aryloxide complexes and their propagation rate constants for
1-hexene polymerization. A correlation betwegrand the catalyst
structures is developed using DFT-computed ligand cone angles
and ion pair separation energidSpg). This correlation takes the
form of an Arrhenius-like relationship, where the pre-exponential
factor () is correlated to the ligand cone angles and the activation
energy termIgy) is correlated tdEps.

A series of compounds CRi(OAr)Me,, where Cp= CsHs (Cp)
or CGsMes (Cp*) were synthesized from three general routes (Scheme
1). For very bulky aryloxides such as @&2,3,5,6-Ph, a simple
deprotonation by Cf#iMe; failed. The easiest way to incorporate
bulky aryloxides was from the reaction of TjiCl; and LiOAr
followed by complete methylation (method A). For moderately
bulky aryloxides such as QB3—2,6-R. (R = Me, Et, Pr), the
reaction of CfTiCl; and LiOAr in method A yielded a mixture of
mono- and bis(aryloxide) titanium complexes. The most effective
preparation of this type of catalyst was from deprotonation of the
parent phenol with CfiiMe; at low temperature (method B). For
less bulky aryloxides having no ortho substituents, the formation
of the bis(aryloxide) byproduct became problematic in methods A
and B. The solution was to react TfMe,Cl with LiIOAr to exclude
the possibility of bis(aryloxide) complex formation (method<C).

The addition of 1 equiv B(gFs)s to CpTi(OAr)Me; in toluene
immediately gave thermally unstable contact ion pairs TE@Ar)-
Me]*[MeB(CsFs)3] ~ that were active for the polymerization of 1-hex-
ene. Polymerization reactions were followed by NMR at 0°C,
and polymer molecular weights were determined by GPC analysis.
A kinetic model containing initiation, propagation, and deactivation

steps was fit to the In([1-hexene]/[1-hexeg)efersus time concen-  wheref is a factor that accounts for ligand orientation and space
tration profiles andvl, data to obtain thé, values (Table 1). The  pjocked by the growing chain and partially displaced counterion.
model equations and fitted kinetic profiles are presented in the The experimental data is fit to a correlation in the form of an

Supporting Information. _ _ Arrhenius-like relationship:
In chain propagation, the monomer first coordinates to the metal

to form az-complex and then inserts to extend the polymer chain. @)
The chemical structure of the counterion is known to have a large

effect on the catalyst's activity, and it has generally been establishedwherekyeqis the predicted value df,, R is the gas constant, is
that weakly coordinating counterions are needed to achieve highabsolute temperature, amg, Eo, ando. are model parameters.

Our structure-activity correlation is based on the idea that partial
displacement of the counterion from the metal center to allow space
for monomer coordination and insertion is a key factor affecting
the polymerization rate. On the basis of this idea, the reaction rate
should increase when separation of the counterion is easier and
when the metal center is less sterically hindered, because these two
factors increase monomer access to the metal. lon pair separation
energieskps) and ligand cone angles were selected as quantitative
descriptors of these two factoises was calculated by subtracting
the DFT-computed SCF energy of the contact ion pair from that
of the bare cation [C@i(OAr)Me]* and counterion [MeB(6Fs)s]
in a toluene-like solvent. The ligand cone angle was defined as the
largest Xx-M—Y angle where M is the center of the metal atom
and X and Y are two points on the van der Waals surface of the
ligand outside the metal’'s van der Waals spHeusing the DFT
optimized contact ion pair geometries, this definition provided the
ligand steric descriptor8cy and Ooar.

In Gaussian 03,the OLYP/6-31#+G** method was chosen
because of its high accuracy and much lower computational cost
than hybrid methods like B3LYPVacuum and PCM-optimized
geometries for the ion pair of catalyst 1 were computed and found
to be nearly identical. As PCM geometry optimization was very
costly, all geometries were optimized in vacuum. The PCM model
was then used to compute solvation energies on these geonietries.

The solid angle subtended by cone angjlequals 4 sir?(6/4).
Thus, the solid anglesdy available for monomer approach to the Ti
site when the counterion is partially displaced is approximated by

y =1 —sirf(0,/4) — sirf(0oal4) — f 1)

kpred _ koe—Ea/RT _ yaoe—EO/RTe—aEmszT

polymerization rate&*Detailed experiments can be used to extract
the rate constants for the different reaction sf€ps.
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Figure 1 shows the experimenkglplotted as a function dfpsand
divided into different catalyst families where the smaligswas used
for catalysts 13, 15, and 17. Family A contains the Cp catalysts,
while the Cp* catalysts are divided as (B) no methoxy, coordinating,
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Table 1. Summary of Experimental and Computed Parameters for [Cp'Ti(OAr)Me]*[MeB(CeFs)3]~ Catalysts

catalyst

Cp' ligand OAr ligand family k (M~ts7h) M, (g/mol) Ocy (deg) Oon (deg) Ejps (kcal/mol)

1 Cp OGH»-2,6-Me-4-Br A 0.22 3200 126.3 127.5 35.7

2 Cp OGH3-2,6-Eb A 0.34 5200 127.3 131.7 34.6

3 Cp OGHz-2,61Pr, A 0.42 6200 127.5 137.2 34.1

4 Cp* OGsHs B 0.42 4500 153.8 94.9 31.4

5 Cp* OGsH4-4-F B 0.27 4700 154.7 94.8 321

6 Cp* OGsH4-4-Cl B 0.24 5200 154.9 94.6 32.1

7 Cp* OGsH4-4-Br B 0.26 5200 154.6 94.6 31.8

8 Cp* OGsHs-4-Ph B 0.38 4800 154.5 94.6 31.2

9 Cp* OGHs-4-Bu B 0.48 5100 154.8 94.5 31.0
10 Cp* OGH3z-2,6-Me C 0.51 28500 153.1 126.3 28.9
11 Cp* OGHs-2,6-Eb C 0.78 44700 153.5 131.3 28.4
12 Cp* OGH3-2,64Pr, C 0.92 62300 153.3 135.7 26.6
13 Cp* OGH4-2-(cyclohexyl) B 0.74 17200 154.4 125.8 30.2 (d), 30.9 (p)
14 Cp* OGH»-2,6-Me-4-Br C 0.28 27900 153.7 126.2 29.6
15 Cp* OGH4-2-(CH:Ph) D 0.27 14400 153.6 111.9 23.9 (d), 31.2(p)
16 Cp* OGH-2,3,5,6-Ph D 1.36 9500 152.9 162.7 14.1
17 Cp* OGH4-3-(OMe) E 0.25 3100 154.7 94.6 30.7 (d), 31.23(p)
18 Cp* OGH4-4-(OMe) E 0.20 5400 154.6 95.0 30.2

aFor aryloxide ligands with only one ortho or meta substituent group, the substituent group can be either distal (d) or proximal (p) to the growing chain

0.2 5 collected at the same temperature, a single parameteae 5/RT
0. c was used for each catalyst family. The correlation provides a good
. B fit to the experimental data (Figure 2), suggesting its underlying
Z 02 physical basis is correct. This means a portionEgffor chain
=] A propagation is due to separation of the ion pair. Because the ion
E’ 0.4 1 pair only separates to a finite distance, only parfEgg contributes
056 - to E; and thus 0< a < 1. The correlation also shows that steric
’ factors are important and can be approximately described in terms
0.8 ; . . : of ligand cone angles. Other physical factors which are not explicitly
12 17 22 27 32 37 accounted for are implicitly grouped into different A’s for different

E s (kcal/mol)

Figure 1. Experimental 1-hexene polymerization rate constaqjs/érsus
computed ion pair separation energies in toludggs).

catalyst families. We are now studying how these additional factors
relate to catalyst structure with the goal of developing a more
comprehensive predictive model.
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Figure 2. Prediction of the propagation rate using eqs 1 and 2 with
0.300,f = 0.187, and the following values &f (M~! s™1) according to the
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