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’ INTRODUCTION

The development of single-site catalysts for olefin polymeri-
zation has been the subject of intensive research over the past
30 years.1,2 Large advances have been made possible by the dis-
covery of alumoxanes and well-defined noncoordinating activa-
tors (NCAs).3�6 The use of NCAs has greatly facilitated detailed
mechanistic studies, allowing the activation, propagation, and
deactivation steps to be studied. Modern NMRmethods, such as
stopped-flow measurements, have also been utilized to study the
polymerization.7 At the same time, substantial advances in ligand
design were facilitated by both an improved mechanistic under-
standing and advances in organic synthesis.8�10 This has resulted
in the development of new classes of catalysts and the discovery
of some unprecedented polymer architectures, including novel
microstructures,11 tandem catalysis,12,13 and incorporation of
polar functionalities.14 Initial efforts focused largely on metallo-
cenes and half-metallocenes, but a number of highly active
nonmetallocene catalysts have been reported in the last 15 years.
These include both Group 415�24 and late metal polymerization

catalysts.25�29 During this time, Symyx pioneered the develop-
ment of high-throughput synthesis and screening techniques for
use in homogeneous catalyst research.30�32 This has permitted
the discovery of several new classes of olefin polymerization
catalysts, including a class of hafnium catalysts for the isospecific
polymerization of propylene.33�36These catalysts (Figure 1)
contain a pyridyl-amine ligand, which is readily amenable to
introduction of a diverse array of substituents on the ligand frame-
work. The aryl substituent on the pyridyl ring undergoes metalation
during the course of complexation.

With the proper choice of substituents, the hafnium pyridyl-
amido catalysts exhibit an unprecedented combination of activ-
ity, isospecificity, and high molecular weight capability at high
polymerization temperatures, and produce polypropylene with
an unusual microstructure.37�40Additionally, these catalysts
have found use in a novel chain shuttling catalyst system.41,42
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ABSTRACT: New nonmetallocene catalysts for the isospecific
polymerization of propylene were discovered using high-
throughput screening. These hafnium heteroaryl-amido cata-
lysts are structural analogues of the highly successful hafnium
pyridyl-amido catalysts. Initial primary and secondary screening
of a library of five thiazole-amine ligands with Zr and Hf with
propylene resulted in the discovery of highly active catalysts
with high activity, high molecular weight capability, and stereo-
induction that ranged from low to high, depending on the ligand
and activation conditions. Subsequent screening revealed that bulky aryl substituents at theN-aryl (R1), thiazole ortho position (R2)
and the bridge position (R3) were preferred for high activity, although stereoinduction was lower than that observed for the pyridyl-
amidos. The thiazole-amine catalysts containing a 2-methoxyphenyl substituent at R2 and activation conditions that included
B(C6F5)3 formed highly isotactic polypropylene with low catalyst activity. Subsequent complexation and reactivity studies revealed
that in the presence of B(C6F5)3 and trialkylaluminum reagent, demethylation of the bound ligand ether occurred, resulting in
binding of the ligand in a tridentate [O�, N, N�] fashion. The resulting thiazole-amido phenoxide complex was prepared
independently and is a highly stereospecific catalyst for the polymerization of propylene, although it exhibited low activity relative to
the other thiazole-amido catalysts. This structural clue suggested that expansion of the ring formed upon orthometalation at the R2
position might be advantageous for stereocontrol. A library of imidazole-amine and thiazole-amines containing 2-methylbenzothio-
phene (2-MeBZT) and 2-ethylbenzofuran substituents (2-EtBZF) at R2 was prepared, complexed to Hf, and screened with
propylene at 110 �C. Many of the catalysts showed high activity, high molecular weight capability, and very good stereoinduction.

KEYWORDS: olefin polymerization, group 4 transition metal complexes, nonmetallocene catalysts, isotactic polypropylene,
hafnium pyridyl-amido complexes, high-throughput experimentation
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The activation and polymerization mechanism has been the
subject of recent detailed studies (Scheme 1).43�46

Mechanistic evidence suggests that upon activation with a
proton source such as [PhNMe2H]

+[B(C6F5)4] (ABF20) theHf-
aryl bond is cleaved (1c), followed by reorthometalation with
loss of methane to yield a monomethyl cation (1d), which sub-
sequently inserts 1 equiv of propylene into theHf-aryl bond (1e).
This seven-member metallacycle species is proposed to be the
active species in the polymerization, with the polymer chain
growth occurring at the alkyl group rather than on the metalla-
cycle. Although the pyridyl-amido catalysts possess a chiral center at
the bridge position (R3), and stereoselectivity increases as the
steric bulk of aryl substituents at R3 is increased, recent work by
Coates et al. suggests that the geometry of the expanded
metallacycle also influences the stereocontrol.47,48 Cs-symmetric
achiral pyridyl-amidos produce polypropylene and poly-1-hexene
with predominantly isotactic microstructures at ambient tem-
peratures (Scheme 2). These results are consistent with the
insertion of olefin into the metal-aryl bond to form a catalyst that
does not have Cs symmetry. Consistent with these results, model
complexes with a preformed 6-member metallacycle (generated
from intramolecular 2,1 insertion of a vinyl moiety) also were
active polymerization catalysts and produced isotactically

enriched polypropylene.47,48 These results suggest that both a
chiral center at R3 and the expanded metallacycle can promote
stereoselectivity.

We were interested in whether other classes of heteroaryl-
amine ligands would be useful for olefin polymerization. These
include thiazole-amines, imidazole-amines, oxazole amines, and
oxadiazole-amines (Figure 2). The discovery and optimization of
hafnium thiazole- and imidazole-amido catalysts will be reported
here.49,50

’RESULTS AND DISCUSSION

Primary Screening Discovery Experiments. The strategies
and methodologies used within the Symyx primary screen have
been discussed previously.30,33 Five examples of thiazole-amine
ligands (Figure 3) were prepared and studied in our high-through-
put propylene primary screen as part of a larger array of ligands.
Each ligand was screened under 24 unique complexation-activa-
tion conditions with Ti, Zr, and Hf. Complexation-activation
conditions probed include metal precursor identity, metal:ligand
ratio, Al reagent identity, and activator identity.
Table 1 displays the range of yields for 2a�e with Hf under

various complexation-activation conditions (14 examples per
ligand). Yields ranged from 1 to 190 mg. Similar results were
obtained for L/M ratios of 2:1 and 1:1. The combination of
ligands 2a, 2d, or 2ewith Hf all produced polymers whose FT-IR
indices ranged from atactic (0.20) to moderately isotactic (0.50)
polypropylene. For each of these ligands, the choice of metal
precursor and activation conditions had little effect on the
tacticity indices (method error (0.05). In contrast, 2b and 2c
exhibited an inverse correlation between yield and FT-IR index,
with particularly low yields and higher FT-IR indices observedFigure 1. Orthometalated hafnium pyridyl-amido precatalyst.

Scheme 1. Proposed Activation Mechanism for Hafnium Pyridyl-Amido Catalysts
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when a combination ofMBn4 and B(C6F5)3 (BF15) is used as the
activator.
Selected ligand�metal-activator combinations were then

screened on a larger scale in the Symyx PPR at 75 �C using in situ
complexation with M(NMe2)4 and MBn4 (M = Zr, Hf). The
results are shown in Figure 4. As can be seen, activity was some-
what higher on average for Hf than for Zr. Metal�ligand com-
binations of ligands 2a, 2d, and 2e show high polymerization
activity (A > 500 mg/ (μmol catalyst min)) under some
complexation and activation conditions. The range of FT-IR indices
observed is fairly narrow for each ligand�metal combination and
is slightly higher forHf thanZr. Polymermolecular weights for these
catalysts systems varied depending on the activation condition, but
were >100k, with many examples above 500k. In contrast, catalysts
generated from ligands 2b and 2c show lower activity and a much
wider range of FT-IR indices. The polymers formed by these
metal�ligand combinations ranged from atactic (FT-IR < 0.30)
to relatively isotactic (FT-IR > 0.6). The combination of 2c, ZrBn4,

and alkylator/activator combinations that included BF15 and AlR3
exhibited very low activity, but the resulting polymer had the highest

Figure 2. Examples of heteroaryl-amine ligands.

Scheme 2. Preparation of Isotactically-Enriched Polypropy-
lene by Pyridyl-Amido Catalysts Lacking Bulky Aryl Substit-
uents at R3

Figure 3. Thiazole-amine ligands in the first primary screening library.

Table 1. Polypropylene Yield and FT-IRData fromLibrary 1a

ligand yield (mg) FT-IR

2a 17�190 0.33�0.48

2b 1�132 0.20�0.38

2c 2�61 0.20�0.82

2d 1�160 0.22�0.32

2e 3�137 0.33�0.69
aComplexed with Hf(NMe2)4 and HfBn4. Polymerization conditions:
75 �C, 80 psi C3H6, toluene.
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crystallinity for this round of screening. This is consistent with the
results from the primary screening.
Because of the combination of high activity, extremely

high molecular weight, and moderate stereocontrol, the thia-
zole-amines were a very promising new lead. For this
reason, a systematic study of ligand substituent effects was
performed.
Second Thiazole-Amine Library. Prior studies with pyridyl-

amines showed that catalyst performance is very dependent on
the steric properties of R1, R2, and R3 (Figure 2).33 23 new
thiazole-amines were prepared and screened in the PPR at 75 �C
under a variety of complexation and activation conditions. Data
from 2e is included as a reference. The R1 and R3 variations tested
are shown in Figure 5. R2 was held constant (R2 = 1-napthyl), and
R1 and R3 were varied systematically.
For Library 2, the activity and FT-IR data for Hf are shown in

Figure 6 and 7, respectively. Several trends were observed. For
the active systems, the resulting polymer has Mw 400�1000k.
When R2 and R3 were held constant, the ligands containing 2,6-
di-isopropyl (DIP) substitution on the phenyl ring showed higher
activity than the other derivatives. When R3 is an alkyl group,
higher activity and FT-IR indices are observed as the steric bulk is
increased from primary (R = CH3, CH2Ph) to secondary
(cyclohexyl, di-isopropyl), but no polymer was produced when
R3 = t-Bu. A similar trend is observed for the series containing
aryl substituents at R3, with the highest tacticity resulting when
R3 = mesityl (3). This system also showed the highest activity,
with an activity of almost 5000 mg/(μmol catalyst min) under
certain activation conditions.

For comparison, the pyridyl-amido complex 1a has an activity of
about 700 under similar in situ screening conditions.33 The results of
this SAR study suggested that steric bulk at R3 results in increasing
catalyst activity and improved tacticity in the resulting polymer.
However, none of the catalysts produced polymer with crystallinity
as high as that produced by 2c/M (M = Zr, Hf) or the optimized
pyridyl amines. Thus, it was necessary to study the organometallic
chemistry of the Group 4 thiazole-amido complexes to gain insight
into ways to further optimize these interesting catalysts.
Complexation Studies. Initially, we focused on the metal�

ligand combinations that resulted in the highest activity (Hf + 3)
or tacticity indices (Zr + 2c) in the first two rounds of screening
and investigated the complexation reactions under similar con-
ditions to those used for in situ screening.
Reaction of 1 equiv of Hf(NMe2)4 with 3 in toluene for 2 d at

110 �C yields the colorless tris-amido complex 4 in 77% yield.
(eq 1). No evidence of orthometalation is observed under the
synthesis conditions.

Alkylation of the tris(amido) complex with excess Al2Me6
results in formation of the colorless trimethyl complex 5 in 60%
yield (eq 2). Unlike the pyridyl-amido methyl complexes,33 5

Figure 4. Secondary screening activity and FT-IR data for ligands 2a�e/M (M = Zr, Hf).
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does not undergo orthometalation at ambient conditions,
although it does occur at 70 �C in toluene.

The structures of complexes 4 and 5 were solved by X-ray
structure determination. The structures are shown in Figure 8
and 9, respectively. Both structures have a distorted trigonal
bipyramidal geometry, with the thiazole imine nitrogen bound to
Hf. The trimethyl complex, 5 is somewhat more distorted than
the tris(amido) analogue 4. For the tris(amido) complex, 4, the

Hf�N imine (2.49 Å) and Hf�NAryl (2.14 Å) bond distances
were similar to those observed in a Hf pyridyl-amido tris-
(dimethyl amido) complex (2.51 Å and 2.09 Å).33

The system that gave the highest tacticity polymer, 2c/ZrBn4,
was also investigated. The reaction of 2c with ZrBn4 in toluene at
75 �C for 5 h results in formation of 2 equiv of toluene and a yellow
complex, 6, whose 1H NMR is consistent with the orthometalated
dibenzyl complex (eq 3). No intermediate species are observed.

In contrast, when 2c is reacted with the zwitterionic complex
[ZrBn3][BnB(C6F5)3]

51,52 or a combination of ZrBn4 and BF15

Figure 5. Second thiazole-amine screening library.
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at room temperature, 1 equiv of toluene is formed, along with
an orange complex, 7, whose NMR is consistent with a zwitter-
ionic dibenzyl complex (eq 4). The proposed structure is shown
below.

It should be noted that the typical complexation conditions for
the in situ screening are 30 min at 75 �C, so when the BF15/
ABF20 activation conditions are used, formation of 6 is incomplete

as measured by 1H NMR and a sizable portion of 7 may form
from unreacted 2c/Zr/BF15.
Complexes 4�7 were screened with propylene at 75 and

110 �C in the PPR under a range of activation conditions. Selected
data is shown in Table 2. 4 and 5 showed high activity and similar
tacticity andMw trends, consistent with formation of a common
intermediate. The activity is higher than was observed in the
in situ complexation experiments; this is frequently observed for
extremely bulky ligands which may not undergo complete com-
plexation under the in situ screening conditions. Activity andMw

remained very high when the polymerization was conducted at
110 �C.
Complex 6 and 7 were screened under various activation con-

ditions at 75 �C. 6 shows moderate activity (A = 150 mg/
(μmol catalyst min)) and low stereoinduction. In contrast, 7
shows low activity (A = 14), but the resulting polymer has high

Figure 6. Effect of thiazole-amine substituents on polymerization activity (activity = mg polymer/(μmol catalyst min)).

Figure 7. Effect of thiazole-amine substituents on FT-IR index.
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crystallinity (FT-IR = 0.89, Tm =152 �C). Interestingly, the
stereoinduction of the polymer formed was not influenced by the
choice of activator, even though this had been observed for the in situ
complexation experiments. The experimental evidence suggests that
the structure of the precatalysts strongly influences the stereoselec-
tivity of the resulting polymer, although it is possible to envision
common intermediates formed in the activation of 6 and 7.
At this point, we were beginning to suspect that the complexed

ligand was being modified in situ by the alkylators and/or activators
present. To test this hypothesis, a series of quenching experiments
was performed and the organic products were analyzed by 1HNMR
andGC-MS.When 7was treatedwith tri-isobutylaluminum (TIBA)
or a combination ofTIBA/ABF20 and then quenched, a newproduct
was observed (eq 5). NMR and GC-MS data are consistent with
demethylation of themethoxyphenyl moiety of the ligand, as shown.
No demethylation is observed in the absence of TIBA.

Demethylation of bound ethers has been reported in other group
4 complexes.53 However, it could not be determined whether the
demethylation was an unproductive side reaction or if the putative
phenoxide complex was itself an active species. Thus, we attempted
to prepare the isolated phenoxide complex in pure form and test its
performance under identical reactor conditions.
The phenol thiazole-amine ligand was prepared by deme-

thylation of ligand 2c. For comparison purposes, a bulkier
phenol thiazole-amine with a mesityl substituent at R3 was
also prepared. The reaction of the free ligand (R3 = Ph) with 1
equiv of MBn4 (M = Zr, Hf) results in formation of 2 equiv

of toluene and the 5-coordinate complexes (8a M = Zr; 8b
M = Hf) (eq 6).

The ligand with R3 = mesityl did not react with MBn4 at
temperatures up to 75 �C, but the reaction with 1 equiv of
M(NMe2)4 (M = Zr, Hf) in C6D6 resulted in formation of 2
equiv of HNMe2 and the colorless bis(amido) complexes
(eq 7). No intermediate species were observed.

The structure of 9b was determined by X-ray diffraction and is
shown in Figure 10. Unlike the tris(amido) complex (4) and

Figure 8. Molecular structure of 4 (hydrogen atoms omitted for
clarity). (Selected Bond Lengths (Å) Hf�N(1) 2.14, Hf�N(2) 2.49,
Hf�N(3) 2.06, Hf�N(4) 2.06, Hf�N(5) 2.04. Selected Bond Angles
(deg) N(1)�Hf�N(2) 70.7, N(1)�Hf�N(4) 100.2, N(1)�Hf�N(3)
119.6, N(1)�Hf�N(5) 125.2, N(2)�Hf�N(4) 170.8, N(2)�Hf�
N(3) 89.9, N(2)�Hf�N(5) 89.7, N(3)�Hf�N(4) 96.4, N(4)�
Hf�N(5) 94.4, N(3)�Hf�N(5) 110.6).

Figure 9. Molecular Structure of 5 (hydrogen atoms omitted for
clarity). (Selected Bond Lengths (Å) Hf�N(1) 2.09, Hf�N(2) 2.46,
Hf�C(1) 2.23, Hf�C(2) 2.22, Hf�C(3) 2.25. Selected Bond Angles
(deg) N(1)�Hf�N(2) 71.2, N(1)�Hf�N(3) 100.0, N91)�Hf�C(2)
123.9, N(1)�Hf�C(1) 113.6, N(2)�Hf�C(3) 166.6, N(2)�Hf�
C(2) 81.2, N(2)�Hf�C(1) 94.7, C(3)�Hf�C(2) 96.3, C(3)�Hf�
C(1) 98.2, C(1)�Hf�C(2) 116.5).

Table 2. Polymerization of Propylene by Complexes 4�7a

entry complex alkylator activator activityb Mw(k)

FT-IR

index Mp (�C)

1c 4 10 TMA ABF20 6810 1320 0.8 126

2d 4 10 TMA ABF20 2290 520 0.78 121

3d 5 5 DIBAL ABF20 2410 350 0.81 122

4c 6 5 TMA 2BF15/ABF20 150 370 0.28 n.d.

5c 7 5 TIBA ABF20 14 360 0.89 152
aToluene, 100 psi C3H6.

bmg/(μmol catalyst*min). c 75 �C d110 �C.
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trimethyl complex (5) and the orthometalated pyridyl amines,
which all have trigonal bipyramidal geometries,33 9b has a square
pyramidal geometry.
For comparison purposes, the analogous pyridyl-amido com-

plex with a phenoxide substituent (10) at R3 was prepared and
screened under identical conditions.

Complexes 8a�b, 9a-b, and 10were activated and screened in
the PPR, and the results are shown in Table 3. All five complexes
produced highly crystalline polypropylene, albeit with low activ-
ity. For 8a, the polymer melting point (entry 1, 152 �C) was the
same as observed when complex 7 was tested, suggesting that a
common intermediate is the active species in the polymerization.
For the Hf complex 8b, the activity and polymer melting point
were similar to the Zr complex, 8a, but the resulting polymer had
lower molecular weight (200k vs 670k). The complexes with
R3 = Mes (9a�b) had activity similar to 8a�b, and the resulting
polypropylene had higher FT-IR indices and higher melting
points, but had lower molecular weight for both Zr andHf. These
trends are consistent with other thiazole-amines and pyridyl-
amines, which show higher stereoselectivity and lowerMw as the
steric bulk of R3 is increased.
The phenoxide pyridyl-amido complex 10 has very similar

performance to 8a�b and 9a�b. In comparison, related pyrrole
pyridyl-amido complexes, which lack a bulky substituent at R3
and a chiral center, have low activity and produce polypropylene
with a lower degree of stereospecificity.54,55

The data suggest that the phenoxide species is a precatalyst
in the polymerization. In comparing the two types of thiazole-

amido catalysts with the pyridyl-amido catalysts, the following
trends are apparent. The thiazole-amido phenoxide and pyridyl-
amido phenoxide catalysts which contain a M�O bond, a six-
member metallacycle, and a five- or six-member heterocycle,
exhibit high stereoselectivity but low activity. The thiazole-amido

Figure 10. Molecular structure of 9b. (Hydrogen atoms omitted for
clarity) (Selected Bond Lengths (Å) Hf�N(21) 2.33, Hf�N(41) 2.14,
Hf�N(2) 2.03, Hf�N(1) 2.03, Hf�O 1.99. Selected Bond Angles
(deg) N(2)�Hf�N(41) 106.0, N(2)�Hf�N(21) 105.3, N(2)�
Hf�N(1) 107.3, N(21)�Hf�N(1) 146.9).

Table 3. Polymerization of Propylene by Complexes 8a�b,
9a�b, and 10a

entry complex alkylator activityb Mw(k)

FT-IR

index

Mp

(�C)

1 8a 5 DIBAL 27 670 0.88 152

2 8b 5 DIBAL 30 200 0.91 158

3 9a 10 DIBAL 48 186 0.95 151

4 9b 10 DIBAL 27 90 0.97 156, 162

5 10 10 DIBAL 44 380 0.9 147
aToluene, 100 psi C3H6, 75 �C, ABF20 activation. bmg/(μmol catalyst*
min).

Figure 11. Thiazole-amido complexes to test 6-member metallacycle
hypothesis.

Table 4. Polymerization of Propylene by Complexes 11a�ca

entry complex activityb Mw(k) FT-IR index Mp (�C)

1 11a 20 50 0.37 n.d.

2 11b 41 220 c 0.5 127d

3 11c 830 450 0.86 132
aToluene, 100 psi C3H6, 110 �C, 15 TMA/ABF20 activation.
bmg/(μmol catalyst*min). cBimodal,Mw/Mn = 13.2. dBiphasic polymer.

Figure 12. Proposed steric interactions upon formation of 6-member
metallacycle.
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complexes, which contain a M�C bond, a five-member metalla-
cycle, and a five-member heterocycle, exhibit high activity and
lower stereoselectivity, and the pyridyl-amido complexes, which
contain a M�C bond, a five-member metallacycle, and a six-
member heterocycle, exhibit high activity and stereoselectivity.

We hypothesized that the expanded metallacycle ring is respon-
sible for higher stereoinduction and the metal�carbon bond is
responsible for high activity, either as a spectator ligand or when
involved in insertion of monomer into theM-aryl bond, as shown
in Scheme 1.

Table 5. Polymerization Data for 6-Member Ring SAR Studya

entry ligand in situ/isolated?b activation conditions activityc Mw(k) Tm (�C)

1 11c isolated 15 TMA/ABF20 830 450 132

2 12a in situ (HfBn3
+) 5 PMAO/ABF20 370 690 128

3 12b in situ (HfBn3
+) 5 PMAO/ABF20 720 134 137

4 12c in situ (HfBn3
+) 5 PMAO/ABF20 540 474 141

5 12d in situ (HfBn3
+) 5PMAO/ABF20 840 309 145

6 12e isolated 15TMA/ABF20 1910 309 121, 128

7 13a isolated 15TMA/TBF20 1400 110 135, 144

8 13b in situ (Hf(NMe2)4) 15TMA/ABF20 3300 90 123

9 13c isolated 15TMA/ABF20 4500 80 144

10 1f isolated 5 PMAO/ABF20 700 120 146

11 14 isolated 15TMA/ABF20 1100 250 125
a 110�C, toluene, 100 psi C3H6.

b In situ complexation for 30 min at 75 �C. cmg/(μmol catalyst*min).

Figure 13. Thiazole-and imidazole amine ligands tested in the 6-member ring SAR study.
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At the time that this work was taking place, the observation of
olefin insertion into the pyridyl-amido Hf�Ar bond had not yet
been reported. However, if the olefin insertion is also occurring
in these systems, it is consistent with the observation that
the phenoxide complexes have lower activity than the analo-
gous carbon metallacycles, since olefin insertion into a Hf�O
bond is expected to be strongly disfavored. This observation is
consistent with the hypothesis that the expanded ring is
advantageous to stereospecificity, but the Hf�O bond results
in low activity.
Catalyst Optimization. To test this hypothesis, thiazole-

amines containing R2 substituents which would be likely to form
6-member metallacyles upon orthometalation were designed.
Three R2 substituents were selected which could potentially
form 6-membered rings via orthometalation without any com-
peting formation of five-member metallacycles (Figure 11). The
Hf complexes 11a�c were activated and screened in the PPR at
110 �C (Table 4).
Complexes 11a and 11b had very low activity, and the

resulting polypropylene was not highly isotactic. The polymer
produced by 11b had a bimodalMw distribution (Mw/Mn = 13.2)
and was visibly biphasic. A weak melting point was observed at
127 �C, suggesting that there may be more than one active
species in the polymerization, and a small amount of orthome-
talated product may be formed. In contrast to 11a�b, 11c
showed high activity, yielding polymer with highMw and higher
crystallinity. At 75 �C 11c exhibited activities ranging from 2000
to 2700 mg/(μmol catalyst min) and produced polypropylene
with Tm = 130�132 �C.
If orthometalation is occurring in the activated products of

11a�b, there may be unfavorable steric interactions between Ha

on the thiazole ring and the methyl or the other side of the
anthracenyl ring (Figure 12, A). These interactions are predicted
to be somewhat lessened in 11c (Figure 12, B) because of the five
membered benzothiophene ring, and orthometalation may be
more likely to occur. This hypothesis is supported by the low
activity of complexes 11a�b compared to 11c, as well as the
observation that 11c readily undergoes orthometalation at 70 �C,
whereas 11a�b do not.
A structure�activity relationship (SAR) study (Table 5) was

then conducted to further optimize the Hf heteroaryl-amido
catalysts. In addition to thiazole-amines, a variety of imidazole-
amines were tested.56 Selected examples are shown in Figure 13;
a more comprehensive set of ligands and polymerization data is
provided in the Supporting Information. At R2, 2-methylben-
zothiophene (2MeBZT) and 2-ethylbenzofuran (2EtBZF)
derivatives were tested, and R3 included a variety of aryl and sub-
stituted aryl rings. Data for thiazole- and imidazole-amido com-
plexes containing napthyl- and phenyl substituents, respectively,
at R2, are included for comparison purposes, as is data for an
optimized pyridyl-amido complex, [DIP,Nap, 2-iPrPh]HfMe2
(1f). The ligands were complexed to Hf(NMe2)4 in situ or the
isolated Hf tris(dimethylamido) complexes were screened at
110 �C in the PPR.
Several trends were noted. The heterocycle dramatically

influences the catalyst performance. When R1, R2, and R3 are
held constant and the heteroaryl-amine is varied, the thiazole-
amido catalysts yield polymer with higher molecular weight
and a higher degree of isotacticity, while the imidazole-amido
catalysts typically show higher activity (entry 5 vs 7).
When R1, R2, and the heterocycle are held constant,

increased steric bulk at R3 results in increased stereoinduction

for both the thiazole- and imidazole-amido catalysts. For
instance, in entries 1�5 in the table, the polymer Tm increases
13 �C as R3 is varied from phenyl to mesityl. The substituent at
R2 has a dramatic influence on the catalyst performance.
Both 2-MeBZT and 2-EtBZF proved to be suitable substitu-
ents, yielding catalysts with high activity and steroinduction.
When 2-MeBZT and 2-EtBZF are compared, higher stereo-
induction is observed for 2-MeBZT. This is observed for
both thiazoles (entry 1 vs 6) and imidazoles (entry 7 vs 8).
However, higher activity is observed for the 2-EtBZF deriva-
tives, especially for the imidazole-amines. Because of the
electrophilic metal center, ligand substituents containing poten-
tially coordinating hereroatoms have not been widely explored in
Group 4 olefin polymerization catalysts; however, these results
suggest that certain catalysts may tolerate functionality at
peripheral sites.
The dramatic effect of the 2-EtBZF substitution at R2 is ap-

parent from the comparison of the performance of the Hf complex
of 13c (entry 9) with the first-generation imidazole-amido com-
plex, 14 (entry 11), which has a phenyl substituent at R2. For
13c/Hf, activity is 4 times higher and the resulting polymer has a
Tm which is 19 �C higher.
Since the combination of 13c/Hf showed superior activity and

stereocontrol, the characterization and reactivity of isolated Hf
tris(amide) and trimethyl complexes of 13c was studied. Com-
plex 15 is prepared in 70% yield from the reaction of 13e
with Hf(NMe2)4 (eq 8). The analogous trimethyl complex can
be prepared by reaction of 15 with AlMe3 or via reaction with
excess Me3SiCl followed by alkylation with MeMgBr.57 15 was
characterized by X-ray diffraction, and its molecular structure is
shown in Figure 14. Like the thiazole-amido complexes 4
and 5, 15 has a distorted trigonal bipyramidal geometry. The
Hf�N(imidazole) bond length (2.44 Å) is slightly shorter than
the Hf�N(thiazole) length in 4 (2.49 Å), consistent with

Figure 14. Molecular structure of 15 (hydrogen atoms omitted for
clarity). (Selected Bond Lengths (Å) Hf�N(16) 2.17, Hf�N(14) 2.44,
Hf�N(11) 2.06, Hf�N(12) 2.05, Hf�N(13) 2.05. Selected Bond
Angles (deg) N(12)�Hf�N(11) 97.7, N(12�Hf�N(13) 111.8, N(12)�
Hf�N(14) 88.3, N(12)�Hf�N(16) 117.2, N(11)�Hf�N(13) 92.2,
N(11)�Hf�N(14) 171.6, N(11)�Hf�N(16) 100.3, N(13)�
Hf�N(14) 90.9, N(13)�Hf�N(16) 126.9, N(14)�Hf�N(16) 71.7).
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higher basicity of the imidazole imine relative to the thiazole
imine.

Of all the catalysts screened, 15 exhibits the best combination
of activity and stereospecificity. Comparing 15 to the benchmark
pyridyl-amido complex 1f, the activity of 15 is >6 times higher,
and polymer molecular weight and Tm are similar. At 130 �C, the
activity difference is even more pronounced (15: A = 1300; 1f:
A = 80), and polymer properties are similar. Thus, the optimiza-
tion of the heteroaryl-amine catalysts has resulted in a substantial
improvement in the catalyst performance at high temperature.
The evolution of the Hf heteroaryl-amido catalysts is shown in

Figure 15.58 As can be seen, the performance of this class of
catalysts improved dramatically with each successive generation
and surpasses that of the pyridyl-amido systems.

’CONCLUSIONS

In summary, the zirconium and hafnium heteroaryl-amido com-
plexes have proven to be excellent catalysts for the stereospecific
polymerization of propylene and have several advantages over
the related pyridyl-amido systems, namely, higher activity and, in
some cases, higher molecular weight. The heteroaryl-amine ligand
class was optimized through a synergistic combination of high-
throughput experimentation and traditional organometallic
chemistry. Although some of the initial thiazole-amines screened
showed high activity for propylene polymerization when com-
plexed to Zr or Hf and produced polypropylene with very high
molecular weight, the resulting polypropylene from most of the
catalyst systems was not highly isotactic. However, the use of a

broad range of activation conditions in the primary screen led to
the serendipitous discovery of high stereospecificity when 2cwas
screened in the presence of BF15 and AlR3. The resulting discovery
that demethylation was occurring, resulting in a phenoxide com-
plex, suggested that structures with expanded metallacycles
might be advantageous in terms of stereospecificity. The result-
ing SAR studies led to a number of highly optimized catalysts
with bulky aryl substituents at R1 and R3 and very nontraditional
substituents at R2. This case study nicely illustrates the power of
high throughput screening methods when combined strategically
with traditional organometallic chemistry.

’EXPERIMENTAL SECTION

Unless otherwise noted, all manipulations were conducted
under an atmosphere of dry, deoxygenated argon in a Vacuum
Atmospheres or MBraun glovebox. HfCl4, MBn4 (M = Hf, Zr),
and M(NMe2)4 (M = Zr, Hf) were purchased from Strem
Chemicals. [MBn3][BnB(C6F5)3] (M = Hf, Zr) was synthesized
as described in the literature.51 [Ph3C]

+[B(C6F5)4]
� (TBF20)

and [PhNMe2H]
+[B(C6F5)4]

� (ABF20) were purchased from
Single-Site Catalysts, LLC. B(C6F5)3 (BF15) was purchased from
Boulder Scientific. Diethyl ether, tetrahydrofuran, pentane, and
toluene were sparged with nitrogen and passed though columns
of activated Al2O3 and CU-0226S (Engelhart; a commercially
available oxygen scavenger).59 Anhydrous benzene-d6 and toluene-d8
were purchased from Cambridge Isotopes, degassed, and stored
over 4 Å molecular sieves. All other reagents were purchased
from Aldrich in the highest available purity and used without
further purification. Synthetic information for the heteroaryl-
amine ligands can be found in the patent literature.49

NMR spectra were recorded on a Bruker 300 MHz spectro-
meter. 1H chemical shifts were referenced relative to residual
protio solvent peaks. Because of the large number of aromatic sub-
stituents and the complexity of the spectra in the 6.8�7.5 ppm
region, the peaks corresponding to the hydrogens on the aromatic
rings are generally not assigned and are denoted as “Ar” in the
lists of NMR data.
Nomenclature. For simplicity, the complexes will be abbre-

viated as follows: 2-((R1N (R3CH))-(5-R2)-heteroaryl)MXn =

Figure 15. Comparison of performance of first, second, and third generation heteroaryl-amido Hf catalysts.
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Heteroaryl-amido [R1, R2, R3]MXn. A schematic is shown
below.

Thiazole-amido [DIP, Nap, Mes]Hf(NMe2)3 (4). Solid 3
(52 mg, 0.1 mmol) and Hf(NMe2)4 (46 mg, 0.13 mmol) were
combined, and 2 mL of toluene was added. The mixture was
heated to 110 �C for 2 d with occasional venting. Solvent was
removed, and the resulting solid was recrystallized from pentane
at �35 �C. The identity of the complex was confirmed by 1H
NMR and X-ray structure determination. (64mg, 77%) 1HNMR
(δ, C6D6) 7.0�7.4 (m, 10, Ar), 6.74 (s, 1, Mes Ar), 6.58 (s, 1,
thiazole SC-H), 6.50 (s, 1, Mes Ar), 6.47 (s, 1, CHMes), 3.76
(sept., 1, CH(CH3)2), 3.43 (sept., 1, CH(CH3)2), 2.90 (br s, 6,
NMe2), 2.64 (br s, 6, NMe2), 2.48 (br s, 6, NMe2), 2.31 (s, 3,
MesCH3(a)), 2.07 (s, 3, MesCH3(b)), 1.84 (s, 3, MesCH3(c)),
1.59 (d, 3, CH(CH3)2), 1.52 (d, 3, CH(CH3)2), 1.23 (d, 3,
CH(CH3)2), 0.37 (d, 3, CH(CH3)2).
Thiazole-amido [DIP, Nap, Mes]Hf(CH3)3 (5). 4 (45 mg,

0.054 mmol) was dissolved in 7 mL of pentane. The mixture was
cooled to�35 �C. Neat AlMe3 (52 μL, 0.54 mmol) was added. A
pale yellow oil precipitated which dissolved as the mixture was
allowed to warm to room temperature. The mixture was stirred
for 1 h and then solvent was removed. The resulting colorless
solid was recrystallized from pentane at �35 �C (24 mg, 60%).
The identity of the complex was confirmed by 1H NMR and
X-ray structure determination. 1H NMR (δ, tol-d8) 7.70 (m, 4,
Ar), 7.0�7.4 (m, 6, Ar), 6.78 (s, 1, Mes Ar), 6.64 (s, 1, Mes Ar),
6.54 (s, 1, thiazole SC-H), 6.45 (s, 1, CHMes), 3.76 (sept., 1,
CH(CH3)2), 3.53 (sept., 1, CH(CH3)2), 2.38 (s, 3, MesCH3(a)),
2.15 (s, 3, MesCH3(b)), 1.86 (s, 3, MesCH3(c)), 1.46 (d, 3,
CH(CH3)2), 1.42 (d, 3, CH(CH3)2), 0.92 (d, 3, CH(CH3)2),
0.35 (d, 3, CH(CH3)2), 0.28 (s, 9, Hf(CH3)3).
Thiazole-amido [DIP, 2-OMePh, Ph]Zr(CH2Ph)2 (6). Solid

2c (48 mg, 0.11 mmol) and Zr(CH2Ph)4 (50 mg, 0.11 mmol)
were combined, and 2 mL of benzene was added. The mixture
was heated to 75 �C for 4 h. Solvent was removed, and the
resulting solid was dissolved in hot hexane and filtered. The
volume was reduced to 1 mL and cooled to �35 �C. A yellow
precipitate formed which was collected and dried. (52 mg, 58%)
1H NMR (δ, C6D6) 7.94 (d, 2, Ar), 6.3�7.3 (m, 19, Ar+
thiazole), 6.01 (s, 1, CHPh), 3.35 (s, 3, OMe) 3.32 (overlapping
sept., 2, CH(CH3)2), 2.80 (d, 1, CH2Ph), 2.50 (s, 2, CH2Ph), 2.34
(d, 1, CH2Ph), 1.37 (d, 3, CH(CH3)2), 1.28 (d, 3, CH(CH3)2),
1.18 (d, 3, CH(CH3)2), 0.04 (d, 3, CH(CH3)2).
Thiazole-amido [DIP, 2-OMePh, Ph]Zr(CH2Ph)2

+[PhCH2B-
(C6F5)3]

� (7). Solid 2c (27mg, 0.06mmol), Zr(CH2Ph)4 (28mg,
0.06 mmol), and B(C6F5)3 (32 mg, 0.06 mmol) were combined,
and 2 mL of toluene was added. The mixture was stirred at room
temperature for 30min, yielding anorange solution.Threemilliliters
of pentane was added, and the total volume was reduced to 2 mL.
The mixture was cooled to �35 �C. A yellow-orange oil pre-
cipitated. The oil was collected, washed with pentane, and dried,
yielding an orange-yellow solid. (54 mg, 68%) 5.8�7.5 (m, 29,

Ar+ thiazole + CHPh), 3.78 (sept., 1, CH(CH3)2), 3.39 (s, 3,
OMe), 3.36 (br s, 2, BCH2Ph), 3.20 (sept., 1, CH(CH3)2), 2.92
(sept., 1, CH(CH3)2), 2.60 (d, 1, CH2Ph), 2.43 (s, 2, CH2Ph),
1.57 (overlapping d, 2, CH2Ph), 1.85 (d, 1, CH2Ph), 1.42 (d, 3,
CH(CH3)2), 1.18 (d, 3, CH(CH3)2), 1.13 (d, 3, CH(CH3)2),
0.07 (d, 3, CH(CH3)2).
Thiazole-amido [DIP, 2-OPh, Ph]Zr(CH2Ph)2 (8a). Solid

[DIP, 2-OHPh, Ph]H (75 mg, 0.17 mmol) was dissolved in
2 mL of benzene. Zr(CH2Ph)4 (81 mg, 0.18 mmol) was dis-
solved in 2 mL of benzene, and this solution was added to the
ligand solution with stirring. The mixture was stirred at room
temperature for 1 h, and then solvent was removed. The resulting
solid was recrystallized from pentane at �35C. 1H NMR (δ,
C6D6) 6.5�7.5 (m, 19, Ar+ thiazole), 5.89 (s, 1, CHPh), 3.58
(sept., 1, CH(CH3)2), 3.10 (sept., 1, CH(CH3)2), 2.90 (d, 1,
CH2Ph), 1.8�2.1 (overlapping d, 3, CH2Ph), 1.45 (d, 3, CH-
(CH3)2), 1.33 (d, 3, CH(CH3)2), 1.18 (d, 3, CH(CH3)2), 0.10
(d, 3, CH(CH3)2).
Thiazole-amido [DIP, 2-OPh, Ph]Hf(CH2Ph)2 (8b). Solid

thiazole-amine[DIP, 2-OHPh, Ph]H (50 mg, 0.11 mmol) was
dissolved in 2 mL of benzene. Hf(CH2Ph)4 (68 mg, 0.13 mmol)
was dissolved in 2 mL of benzene, and this solution was added to
the ligand solution with stirring. The mixture was stirred at room
temperature for 2 h, and then solvent was removed. The resulting
off-white solid was precipitated from pentane and dried. 1H
NMR was consistent with the proposed structure.
Thiazole-amido [DIP, 2-OPh, Mes]Zr(NMe2)2 (9a). Solid

thiazole-amine [DIP, 2-OHPh, Mes]H (20 mg, 0.04 mmol)
was dissolved in 1 mL of benzene. Zr(NMe2)4 (12 mg, 0.04 mmol)
was dissolved in 1 mL of benzene, and this solution was added to
the ligand solution. The mixture was heated to 65 �C for 1 h, at
which time 1H NMR revealed that the reaction was complete.
Solvent was removed, and the resulting off-white solid was
recrystallized from pentane. (14 mg, 53%) 1H NMR (δ, C6D6)
6.75�7.4 (m, 7, Ar), 6.73 (s, 1, Mes Ar), 6.55 (s, 1, Mes Ar),
6.52 (s, 1, thiazole SC-H), 6.20 (s, 1, CHMes), 3.69 (sept., 1,
CH(CH3)2), 3.09 (sept., 1, CH(CH3)2), 2.95 (s, 6, NMe2), 2.79
(s, 6, NMe2), 2.20 (s, 3, MesCH3(a)), 2.06 (s, 3, MesCH3(b)),
1.73 (s, 3, MesCH3(c)), 1.34 (d, 3, CH(CH3)2), 1.27 (d, 3,
CH(CH3)2), 1.14 (d, 3, CH(CH3)2), 0.39 (d, 3, CH(CH3)2).
Thiazole-amido [DIP, 2-OPh, Mes]Hf(NMe2)2 (9b). Solid

thiazole-amine [DIP, 2-OHPh, Mes]H (21 mg, 0.04 mmol) was
dissolved in 1 mL of benzene. Hf(NMe2)4 (17 mg, 0.05 mmol)
was dissolved in 1 mL of benzene, and this solution was added to
the ligand solution. The mixture was heated to 65 �C for 22 h, at
which time 1H NMR revealed that the reaction was complete.
Solvent was removed, and the resulting off-white solid was re-
crystallized from pentane. The structure of the complex was
confirmed by 1H NMR and X-ray crystallography. 1H NMR (δ,
C6D6) 6.7�7.4 (m, 7, Ar), 6.71 (s, 1,Mes Ar), 6.53 (s, 1,Mes Ar),
6.51 (s, 1, thiazole SC-H), 6.34 (s, 1, CHMes), 3.69 (sept., 1,
CH(CH3)2), 3.15 (sept., 1, CH(CH3)2), 2.98 (s, 6, NMe2), 2.85
(s, 6, NMe2), 2.19 (s, 3, MesCH3(a)), 2.10 (s, 3, MesCH3(b)),
1.72 (s, 3, MesCH3(c)), 1.33 (d, 3, CH(CH3)2), 1.27 (d, 3,
CH(CH3)2), 1.19 (d, 3, CH(CH3)2), 0.38 (d, 3, CH(CH3)2).
Thiazole-amido [DIP, Anth, Ph]Hf(NMe2)3 (11b). Solid

[DIP,Anth,Ph]H (199 mg, 0.38 mmol) and Hf(NMe2)4 (160 mg,
0.45 mmol) were combined, and 4 mL of benzene was added.
The mixture was heated to 70 �C for 1 h. Solvent was removed,
and the resulting yellow oil was recrystallized from pentane at
�35 �C. (164 mg, 52%) 1HNMR (δ, C6D6) 8.35 (d, 2, Ar), 7.40
(d, 2, Ar), 6.8�7.3 (m, 14, Ar + thiazole), 6.05 (s, 1, CHPh), 3.67
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(sept., 1, CH(CH3)2), 3.24 (overlapping sept + s, 7, CH(CH3)2
+ N(CH3)2), 2.88 (s, 6, NMe2), 2.84 (s, 6, NMe2), 1.54 (d, 3,
CH(CH3)2), 1.48 (d, 3, CH(CH3)2), 1.37 (d, 3, CH(CH3)2),
0.32 (d, 3, CH(CH3)2).
Thiazole-amido [DIP, 2MeBZT, Ph]Hf(NMe2)3 (11c). Solid

thiazole-amine [DIP,2MeBZT,Ph]H (36 mg, 0.073 mmol) and
Hf(NMe2)4 (28 mg, 0.08 mmol) were combined, and 2 mL of
benzene was added. The mixture was stirred for 1 h at room
temperature. Solvent was removed, and the resulting solid was
recrystallized from pentane at �35 �C. (37 mg, 60%) 1H NMR
(δ, C6D6) 6.9�7.5 (m, 12, Ar), 6.31 (s, 1, thiazole SC-H), 6.10 (s, 1,
CHPh), 3.69 (sept., 1, CH(CH3)2), 3.33 (sept., 1, CH(CH3)2),
2.7 (br s, 18, NMe2), 2.32 (s, 3, benzothiophene CH3), 1.62 (d, 3,
CH(CH3)2), 1.48 (d, 3, CH(CH3)2), 1.27 (d, 3, CH(CH3)2),
0.24 (d, 3, CH(CH3)2)
Imidazole-amido [DIP, Ph, TRIP, Ph, NMe]Hf(NMe2)3 (14).

Solid imidazole-amine [DIP,Ph,TRIP,Ph,NMe]H (182 mg,
0.29 mmol) and Hf(NMe2)4 (119 mg, 0.34 mmol) were com-
bined, and 5mL of toluene was added. Themixture was heated to
50 �C for 3 h. Solvent was removed, and the resulting colorless
solid was recrystallized from pentane at�35 �C. (234 mg, 87%)
1H NMR (δ, C6D6) 7.62 (m, 2, Ar), 6.85�7.3 (m, 13, Ar),
6.35 (s, 1, CHTRIP), 3.91 (sept., 1, CH(CH3)2), 3.74 (sept., 1,
CH(CH3)2), 3.61 (sept., 1, CH(CH3)2), 3.13 (s, 6, NMe2), 2.91
(s, 6, NMe2), 2.82 (s, 6, NMe2), 2.73 (sept., 1, CH(CH3)2), 2.35
(s, 3, imidazole NCH3), 1.65 (d, 3, CH(CH3)2), 1.58 (d, 3,
CH(CH3)2), 1.42 (d, 3, CH(CH3)2), 1.31 (d, 3, CH(CH3)2),
1.19 (overlapping d, 6, CH(CH3)2), 1.06 (d, 3, CH(CH3)2),
0.78 (d, 3, CH(CH3)2), 0.51 (d, 3, CH(CH3)2), 0.24 (d, 3,
CH(CH3)2).
Imidazole-amido [DIP, 2-EtBZF, TRIP, H, NMe]Hf(NMe2)3

(15). Solid Hf(NMe2)4 (71 mg, 0.20 mmol) and 13e (103 mg,
0.17 mmol) were combined and dissolved in 5 mL of toluene.
The mixture was heated to 80 �C overnight. 1H NMR of an
aliquot revealed that the reaction was complete. Solvent was re-
moved, and the resulting glassy yellow solid was dissolved in
5 mL of pentane, filtered, and solvent was removed, yielding a
pale yellow solid containing traces of residual Hf(NMe2)4. The
material was recrystallized from pentane at �35 �C (110 mg,
70%). The solid state structure was determined by X-ray crystal-
lography. 1H NMR (δ, C6D6) 7.58 (d, 1, Ar), 7.41 (d, 1, Ar),
6.9�7.2 (m, 7, Ar), 6.17 (s, 1 imidazole CH), 5.90 (s, 1, CHTRIP),
3.84 (sept., 1, CH(CH3)2), 3.62 (sept., 1, CH(CH3)2), 3.56 (sept.,
1, CH(CH3)2), 3.02 (sept., 1, CH(CH3)2), 2.92 (s, 6, NMe2),
2.87 (s, 6, NMe2), 2.69 (sept., 1, CH(CH3)2), 2.64 (s, 6, NMe2),
2.73 (sept., 1, CH(CH3)2), 2.30 (s, 3, imidazole NCH3), 1.55 (d, 6,
CH(CH3)2), 1.31 (p, 6, overlapping CH(CH3)2 and CH2CH3),
1.19 (overlapping d, 6, CH(CH3)2), 1.06 (d, 3, CH(CH3)2), 0.71
(d, 3, CH(CH3)2), 0.52 (d, 3, CH(CH3)2), 0.27 (d, 3, CH(CH3)2).
Note: The CH2CH3 peaks from the 2-Ethylbenzofuran are
obscured by the amido peaks.
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