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ABSTRACT: Homobimetallic Hf(TV) complexes, L*-Hf,Me;
(3) and L*-Hf,Me, (4) (L* = N,N’-{[naphthalene-1,4-
diylbis(pyridine-6,2-diyl) ]bis[(2-isopropylphenyl)-
methylene) ]bis(2,6-diisopropylaniline}), were synthesized by
reaction of the free ligand L* with the appropriate Hf precursor
and were characterized in solution (NMR) and in the solid
state (X-ray diffraction). In 3, L? acts as a dianionic tridentate
ligand for one Hf metal center and as a monoanionic bidentate
ligand for the other, whereas in 4, both Hf units are
tricoordinated to opposite sides of L2 In the solid state, the
Hf--Hf distance is significantly different in 3 vs 4 (6.16 vs 8.06
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A, respectively), but in solution, the structural dynamics of the two linked metallic units in bis-activated complex 3 accesses
conformers with far closer Hf---Hf distances (~3.2 A). Once activated with Ph,C*B(CF;),~ (B;) or PhNMe,H'B(CF;),~
(NB), 3 exhibits pronounced bimetallic cooperative effects in ethylene homopolymerization and ethylene +1-octene
copolymerization vs the monometallic analogue L'-HfMe, (1, L' = 2,6-diisopropyl-N-{(2-isopropylphenyl)[6-(naphthalen-1-
yl)pyridin-2-yl]methyl}aniline) and bimetallic 4, producing polyethylene with S.7 times higher M,, and poly(ethylene-co-1-
octene) with 2.4 times higher M,, and 1.9 times greater 1-octene enchainment densities than 1. The activation chemistry of 3 and
4 with 1 or 2 equiv of B; and NB is characterized in detail by NMR spectroscopy. In sharp contrast to 1, which undergoes Hf—
Cpaph protonolysis followed by naphthyl remetalation with NB as the cocatalyst, activation of 3 with B, or NB proceeds by
consecutive —CHj; protonolysis/abstractions at each Hf center, explaining the higher polymerization activity of 3/NB versus 1/
NB. All product polymers have narrow (2—3) PDIs, and this is explained by NMR evidence for very fast exchange of alkyl
moieties between the two active Hf metal centers. Key experimental findings are supported by DFT analysis.
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1. INTRODUCTION

Multimetallic enzyme catalysts' achieve superior reactivity and
selectivity via cooperative effects that often involve advanta-
geous multiple active site—substrate interactions and prox-
imities. As a conceptual inspiration, bimetallic strategies have
been successfully applied in coordination polymerization
catalysis, in which metal---metal cooperative effects dramatically
impact catalytic behavior and product polymer microstructure.”
In this regard, both homo- and heterobimetallic constrained
geometry catalysts (Tiy,’ Zr,," Ti—Zr,’ Ti—Cr;° Chart 1, A—B),
and homobimetallic group 4’ and group 10*’ phenoxyiminato
catalysts (Chart 1, C—D) were shown to exhibit distinctive
cooperative effects in producing polyolefins with substantially
higher molecular weights (M,,’s) and comonomer enchainment
content versus the corresponding monometallic analogues.
Although these phenomena have been explored for several
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lefin polymerization, NMR spectroscopy, cooperativity effects

organo-Ti and -Zr catalytic systems, little is known about the
analogous Hf catalysts.'” Indeed, hafnocene-based olefin
polymerization catalysts have historically exhibited more
sluggish polymerization activities while producing higher M,
polyolefins.'' Beyond metallocenes, much recent progress has
been made in the area of group 4 post-metallocene polymer-
ization catalysts,'> and this includes several unusual Hf-based
systems. Thus, Sita and co-workers reported Hf catalyst E
(Chart 2) capable of achieving living/coordinative chain-
transfer polymerization (CCTP) of propylene in the presence
of ZnEt, as a chain transfer agent (CTA).'™" Active Hf
catalysts based on bidentate [NN] ligands, such as F'* Gg"
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Chart 2. Representative Monometallic Hf Polymerization
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and 1'"7 (Chart 2), also exhibit high activity for olefin
polymerization and copolymerization. However, some of these
catalysts are thermally unstable and prone to ligand isomer-
ization or addition processes. Compared with the correspond-
ing Ti and Zr catalysts bearing the same ligands, the Hf
catalysts generally exhibit far lower polymerization activity,"®
possibly reflecting increased monomer insertion barriers at Hf'”
or less efficient activation by MAO.*

A breakthrough in Hf-catalyzed olefin polymerization was
reported by scientists at the Dow Chemical Co. and Symyx
Technologies Inc. in 2003. They discovered a new Hf(IV)
olefin (co)-polymerization catalyst (L'-HfMe,, 1; L'
pyridylamido ligand, NNC type ligand) using high-throughput
screening.” C,-symmetric arylcyclo-metalated pyridylamido
catalyst 1 (Chart 2) exhibits remarkable catalytic properties in
producing high M, highly isotactic polypropylene in a high-
temperature solution process.22 Solution polymerizations at
high temperatures avoid polymer precipitation; however, other
homogeneous catalysts such as C,-symmetric ansa-zirconocenes
undergo thermal decomposition under these conditions.”
Furthermore, catalyst 1 in tandem with a phenoxyiminato Zr
catalyst and Et,Zn affords olefin block copolymers having
alternating semicrystalline and amorphous segments via
catalytic ethylene/1-octene/ZnEt, “chain shuttling” polymer-
ization (CSP).”** Here, alkyl or polymeryl chains transfer
between Hf (active for ethylene/1-octene copolymerization)
and Zr (active for ethylene homopolymerization) catalytic
centers via ZnEt,. The drawback here is the requirement of
large quantities of ZnEt, to ensure eﬂic1ent polymeryl fragment
shuttling between Hf and Zr centers.”* Nevertheless, efficient
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CSP can be achieved via extenswe high-throughput exper-
imentation in flow reactors.”

When activated with HNR3+B(C6F5)4_ (R = alkyl), complex
1 produces ethylene/1-octene copolymers with hi 6gh M, (875
kg mol™') and a broad, bimodal PDI of 7.4.22%° The broad
PDI reflects an unusual activation process involving a single
monomer insertion into the Hf—C,,, bond, yielding several
ligand-modified active species.”* Moreover, the ~20 min
induction period for catalyst 1/HNR;"B(C(F;),” is attributed
to initial protonolysis of the Hf—C,,;, bond, followed by slow
remetalation to afford the cationic precursor of the active
catalyst.”>* Considering the importance of Hf-based olefin
polymerization catalysis both in industry and academia, it is
tempting to design bimetallic Hf complexes for cooperative
olefin polymerization catalysis. Bimetallic and monometallic
comparisons should provide more detailed understanding of
the unusual activation chemistry and cooperative/intramolec-
ular processes in pyridylamido Hf polymerization catalysis.

Here, we report the synthesis, characterization, and olefin
polymerization characteristics of the bimetallic pyridylamido Hf
complexes shown in Chart 3. It will be seen that when activated

Chart 3. Structures of the Present Pyridylamido Hf

Complexes
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with 2 equiv of cocatalyst PhyC*B(CFs),~ (B,) or HNR,"B-
(C¢Fs)s~ (NB), catalyst 3 affords polymers with significantly
higher comonomer incorporation and higher M,, in comparison
with monometallic catalyst 1 and bimetallic 4 with Iess
proximate Hf centers. Thus, bimetallic cooperative effects are
strongly influenced by Hf center spatial proximity, with bis-
activated 3 having a Hf-Hf distance of 3.2—6.6 A (see
computed structural dynamics in the Supporting Information)
affording substantial cooperative enchainment effects. On the
other hand, bis-activated 4 with similar ligation but with a fixed
Hf--Hf distance of 7.5 A affords negligible effects. All product
polymers are monomodal with narrow PDIs (2—3), character-
istic of well-defined single-site behavior. Solution phase NMR
spectroscopic and DFT probes of the structure—reactivity
properties of the dicationic catalysts provide a molecular level
picture of the distinctive bimetallic chemistry. Different
activation pathways, identified by NMR, convincingly explain
the differing induction periods observed for 3/NB and 1/NB,
whereas VT 'H ROESY NMR, supported by DFT
computation, argues that fast intramolecular exchange/chain
shuttling of alkyl moieties between Hf centers is possible under
catalytic conditions.

2. RESULTS

The goal of this investigation is to explore and understand
possible cooperative olefin enchainment effects in a family of
bimetallic Hf pyridylamido catalysts, focusing on unusual
ethylene polymerization and ethylene + a-olefin copolymeriza-
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tion behavior. Specifically, (1) the synthesis, solid state and
solution structural, and cocatalytic activation chemistry of
bimetallic complexes 3 and 4 are described; (2) their
implementation in ethylene homopolymerization and ethyl-
ene/l-octene copolymerization are compared and contrasted
with mononuclear catalyst 1, revealing pronounced, distance
dependent bimetallic Hf---Hf effects on polymerization activity,
product M,, and selectivity for 1l-octene enchainment; (3)
comparative polymerization experiments using 1.0 and 2.0
equiv of cocatalyst are explored to clarify cooperative effects;
(4) the activation chemistry of the bimetallic complexes with B;
or NB are compared using a variety of NMR techniques; (S)
the origin of the bimetallic cooperative effects in this Hf
pyridylamido series are further clarified by DFT techniques.
2.1. Synthesis of Pyridylamido Ligand L2 The synthesis
of ligand L* is shown in Scheme 1. Suzuki coupling of

Scheme 1. Synthesis of Binuclear Pyridylamido Ligand L?

B(OH)2
Pd(PPh3)4 Na,CO3
HZOIEQOH
B(QH)2 Toluene, 70 °C
84% yield
| ] l
l BulLi, ether
ii. ||| ether
80% yield

bromopyridyl imine intermediate I and naphthalene-1,4-
diboronic acid II provides naphthalene-1,4-dipyridyl imine
intermediate III. Bimetallic ligand (L) is then prepared by
nucleophilic addition of in situ-generated 2-isopropylphenyl
lithium to the imine intermediate IIL. The reaction proceeds in
good-to-high yield and affords ligand L* in high purity, as
confirmed by conventional spectroscopic and analytical
techniques. For comparison, ligand L' and the corresponding
monometallic complex 1 are also synthesized according to the
literature.*

2.2. Synthesis and Characterization of Bimetallic
Pyridylamido Hf Complexes. 2.2.1. Synthesis of Bimetallic
Hf-Methyl Complex 3. Complex 3 was synthesized by
overnight alkylation of the corresponding Hf amido complex
2”7 with trimethylaluminum in toluene at 25 °C (Scheme 2).
An alternative route to 3 is by metalation of ligand L* with n-

BulLi followed by reaction with HfCI, at 110 °C. Subsequent
overnight reaction with CH;MgBr at 25 °C affords complex 3.
Single crystals of 3 suitable for X-ray diffraction were obtained
by slow evaporation of a pentane/ether solution (Figure 1A).

17.0 kcal mol™!

R = 2-(i-Pr)CqH,-
R’ = 2,6-(i-Pr),-CgHg-

AG¥ (305
16.8 kcal mol!

Pr)C5H4
~(i-Pr)2-CeHg-

3[HFA(S)-Hfg(R)]an
———— HEA(S)-Ha(R)lan

isomer of the X-Ray structure

Figure 1. (A) ORTEP plot of complex 3[Hf,(S)—Hfz(R)],ns
Thermal ellipsoids are drawn at the 30% probability level. H atoms
are omitted for clarity. (B) Rotamer interconversions identified in
3[HfA(R) _HfB(R)]syn/anti and 3[HfA(S)_HfB(R)]syn/ami; hereﬁ syn and
anti refer to the relative position of the HfMe; and C—H of the chiral
bridge closest to Hf, with respect to the average plane defined by the
naphthyl ring.

Both Hf centers adopt distorted trigonal bipyramidal geo-
metries with an intramolecular Hf---Hf distance of 6.16 A. The
HfMe, center is almost coplanar with the naphthalene plane
(dihedral angle = 7.9°), and the HfMe; group is nearly
perpendicular to the naphthalene plane (dihedral angle
102.8°). This twisted structure likely minimizes unfavorable
steric repulsions.

Methylation of complex 2 affords 5-membered Hf, metalla-
cycle 3 with metalation on only one side of the molecule

Scheme 2. Synthesis of Bimetallic Pyridylamido Hf Complex L>-Hf,Me; (3)

@ \V©\1/ 1st route RI\N
@ d b Hf(NMe,), N

H
Toluene R
100 °C

51% yield

N
NMe,

NMez

MeN
_NMe; Me,N.| N R AlMe,
Me,N~
22 n Toluene, r.t. H
overnight
44% yield

L2-Hfy(NMe,)g 2

R = 2-(-Pr)CgH,-
R’ = 2,6-(i-Pr),-CgHs-

L2-Hf,Me; 3

’ 2nd route i. BuLi, toluene, 0 to 25 °C, 2 h; ii. HfCl4, 110 °C, 6 h; iii. CH;MgBr, overnight T

45% yield
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(Scheme 2). A second C—H,,, activation to produce another
S-membered metallacycle is apparently unfavorable for steric
reasons. The NMR data indicate that complex 3 is present in
solution as a mixture of isomers (see Figure SS) and show, in
agreement with the X-ray findings, that aryl cyclometalation
occurs only on one side of the L* ligand. Indeed, all the high-
frequency 13C NMR resonances (5 = 208.2, 205.1, 203.2, and
201.9 ppm) have long-range 'H, *C scalar correlations with the
corresponding H2 resonances, indicating that metalation is C1-
selective in all isomers. Four isomers account for ~80% of the
mixture. On the basis of detailed 'H NOESY NMR analysis,
which reveals a selective chemical exchange process between
pairs of isomers (Figure 1B), we propose that in solution, 3 is
present largely as a mixture of diastereomers, 3[Hf,(S)—
Hf(R)]gyn/ane and 3[HE,(R)—Hf(R) ] /an €ach of which is
equilibrating between two limiting rotamers arising from the
rotation of the entire HfMe; unit around the C,,,;,—Cy, linkage
(Figure 1). The diastereomer molar ratio is ~55/4S, and the
relative abundance of the two rotamers is ~65/35 for both
diastereomers. The interconversion barrier between rotamers
was evaluated by VT "H EXSY NMR (278—298 K) in toluene-
dg, affording AGi(Z%) ~ 169 + 1.0 kcal mol™ for both
diastereoisomers (Table S1). Such a value is ~1.7 kcal mol™
lower than that associated with an approximate 180° rotation of
the 2-(i-Pr)C4H, units about the C—C bond.”*** From the
thermodynamic viewpoint, the latter equilibration likely
explains the presence of additional species (~20%) in the
mixture.”***

2.2.2. Synthesis of Bimetallic Hf—Methyl Complex 4. When
complex 3 is heated in toluene at 90 °C for 2 h, the 'H NMR
spectrum shows the disappearance of 3 with formation of new
sets of resonances assignable to complex L>-Hf,Me, (4) and 1.0
equiv of CH, (Scheme 3). Complex 4 is mainly present in

Scheme 3. Synthesis of Bimetallic Complex L>-Hf,Me, (4)°

2 90 °C
- —
L Hsze5 Toluene, 2h
3 -CH,4

quantitative yield |_2_Hf2Me4 4
“ORTEP thermal ellipsoids are drawn at the 30% probability level. H

atoms and solvent molecules are omitted for clarity.

solution as a mixture of two diastereomers in a ~57/43 molar
ratio (see Figure S9). The key NMR fingerprint of 4 is the
presence of two high-frequency *C NMR resonances for the
aryl-metalated carbon atoms of each diastereomer. Specifically,
two signals (6 = 202.0 and 203.7 ppm) give long-range
correlations with the singlets of H2 in the S-membered
metallacycle at 6y = 9.10 and 9.13 ppm, and are attributed to
C1 of the major and minor diastereomers, respectively. The
other two signals (8¢ = 206.3 and 206.4 ppm) show long-range
correlation with the doublets assigned to H6 of the 6-
membered metallacycle at 6y = 8.89 and 8.86 ppm, and are
assigned to CS resonance of the major and minor diastereomer,
respectively (see Figure S9). These data indicate that 4 is
obtained from 3 as a consequence of a second C—H
activation at CS with concomitant CH, elimination.

The molecular structure of 4 was determined by X-ray
diffraction studies of single crystals grown from toluene/

naph

pentane solutions. An ORTEP drawing shown in Scheme 3
reveals that Hfl has a S-coordinate, distorted trigonal
bipyramidal geometry with the ligand skeleton distorted from
an ideal plane by a twist angle of 10.3(4)°. The C1—HfI—-N2
bond angle is 140.9(3)°, indicating severe distortion from the
ideal 180°, with the Hf displaced toward the methyl groups,
most likely a result of steric repulsion. The C35—Hf1—-C36
bond angle is 108.0(4)°, less than the ideal 120°, and the C36—
Hf1—NI1 bond angle is 134.4(3)°, evidencing marked structural
distortion. The Hf2 center has a 5-coordinate distorted square
pyramidal geometry with the Hf displaced 0.625(4) A from the
plane defined by the basal ligands toward the apical methyl
group. Within the basal plane, the C5—Hf2—C61 bond angle is
96.9(3)°; the C61—Hf2—N4 bond angle is 95.8(3)°, the C5—
Hf2—N3 bond angle is 79.4(3)°, and the N3—Hf2—N4 bond
angle is 72.6(2)°, indicating a splaying of the methyl groups
induced by the narrower chelating backbone bite angle. The
C61—Hf2—C62 bond angle is 105.8(3)°, strongly distorted
from the ideal 90° and is consistent with the significant
displacement seen in the Hf center. The Hf---Hf distance in 4 is
8.060(3) A.

2.3. Olefin Polymerization Studies. Initial ethylene
polymerization experiments were carried out with bimetallic
catalyst 3 in the presence of B, (Ph;C*B(C¢F;),”) or NB
(PhNMe,H*'B(C4Fs),”) as the cocatalyst/activator under
rigorously anhydrous/anaerobic conditions to find the
optimum polymerization conditions (temperature, pressure,
an time). Exothermic and mass transfer effects were minimized
by very rapid stirring.”>*’ At different temperatures (40, 60, 80,
and 100 °C) under constant 1 atm ethylene pressure, the
highest activities were achieved at 60 and 80 °C, and higher
temperatures (100 °C) led to catalyst deactivation. Higher
ethylene pressures (3, S atm) or longer reaction times (5 min)
were also examined; however, under these conditions, the
precipitation of the polymer interferes with stirring and
temperature control. Thus, the overall optimum catalytic
performance (activity, M,,, PDI, cooperative effects) is achieved
at 80 °C under constant ethylene pressure of 1.0 atm for 1 min.
The data in Table 1 show that all polymer products are
monomodal with PDIs consistent with single-site processes.*’

2.3.1. Ethylene Homopolymerization Catalysis with 2
Equiv of Activator. Bimetallic catalyst 3 activated with B, yields
~S.7 times higher M, polyethylene product than that of the
monometallic catalyst 1 (with 1 equiv activator), but with ~3.7

Table 1. Ethylene Homolymerization Data.”

cat. cocat. active
entry (umol) (umol)  PE (g) act.? M,° PDI° species*
1 1(10) B, (12) 1020 1020 245 23
2 3(s) B, (12) 0276 276 1387 34 6
3 3(10) B, (10) 0064 32 179 24 s
4 4(5) B, (12) 0410 410 259 28 9
s 4(10) B, (10) 0516 258 186 24 8
6 1 (10) NB (12) 0.022 22 234 2.3
7 3(5) NB(12) 0230 230 38 25 7
8 3(10) NB(10) 0.141 7.1 148 2.5 s
9 4(5) NB(12) 0266 266 281 24 7
10 4(10) NB(10) 0315 15.8 123 28 5(7)*

“Conditions: B, = PhyC*B(C4Fs),; NB = PhNMe,H*B(CEs),;
Petpyiene = 1 atm; toluene = 50 mL; 80 °C; time, 1 min. Each entry was
performed in duplicate. “Units: (kg of polymer)-(mol of Hf)™! min™"
atm™". “GPC versus polystyrene standards in (kg-mol™"). 9By NMR.
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Table 2. Ethylene/1-Octene Co-Polymerization Data.”

entry cat. (pmol) cocat. (pmol) poly. (g)
1 1 (10) B, (12) 1.591
2¢ 1 (10) B, (12) 2.720
3 3(5) B, (12) 0.649
4¢ 3(5) B, (12) 1.519
N 3 (10) B, (10) trace
6 4 () B, (12) 1.128
7 4 (10) B, (10) 1.132
8 1 (10) NB (12) 0.042
9 3(5) NB (12) 0.613
10 3 (10) NB (10) 0.066
11 4 (5) NB (12) 0.684
12 4 (10) NB (10) 0.461

act.” M, PDI® inc.” active species”
159.1 355 1.8 149
272.0 240 2.1 34.2
64.9 862 3.1 28.7 6
151.9 360 22 60.5 6
S
112.8 174 2.7 18.6 9
56.6 265 2.7 20.3 8
4.2 218 2.3 11.7
61.3 409 2.4 18.0 7
3.3 23S 3.0 6.8 S
68.4 1181 3.3 17.0 7
23.1 266 26 13.0 5 (7)*

“Conditions: B, = Ph;C*B(CFs), ; NB = PhNMe,H"B(C¢Fs), 5 Peyiene = 1 atm; [1-octene] = 0.72 g; toluene = 50 mL; 80 °C; time, 1 min. Each
entry was performed in duplicate. YUnits (k polymer)-(mol of Hf)™ min™" atm™. “GPC versus polystyrene standards in (kg-mol™"). “Mol % 1-
octene incorporation, assayed by *C NMR.** [1-Octene] = 2.15 g. /By NMR.

times lower activity (Table 1, entries 1 and 2). This fall in
activity probably reflects steric constraints.”’ Interestingly,
complex 4 exhibits activity similar to that of bimetallic 3 and
produces PE with a M, comparable to that obtained with
monometallic complex 1 (Table 1, entry 3), suggesting that the
activity is affected by steric hindrance around the metal centers
and no significant cooperative effects are operative in bimetallic
catalyst 4. However, when NB is used as the cocatalyst, 3
attains ~10.7 times higher activity and slightly higher M,, than
monometallic 1 (Table 1, entries 6 and. 7). The lower activity
of 1 may reflect the requirements of an induction period,”*
whereas the bimetallic catalyst 3 appears to be active
immediately. *C NMR analysis of the PEs produced by
catalysts 1, 3, and 4 activated with either B; or NB indicate
highly linear structures with no detectable branching.

2.3.2. Control Experiments: Ethylene Homopolymerization
with 1 Equiv of Activator. Activation with 1 equiv of B, or NB
yields rather different results for 3 vs 4. For complex 3, a
dramatic fall in activity, from 27.6 to 3.2 (kg polymer)-(mol of
Hf)™' min~" atm™ for B, and from 23.0 to 7.1 (kg polymer)-
(mol of Hf)™ min™" atm™ for NB is observed, and polymer
M, falls from 1387 to 179 kg mol ™" for B, and from 386 to 148
kg mol ™' for NB (Table 1, entries 2 vs 3, 7 vs 8). Note that this
decrease in M,, suggests that the enchainment process catalyzed
by bimetallic complex 3 is likely governed by cooperative rather
than steric effects, insofar as the two active species § and 6 have
similar steric characteristics around the metal centers (vide
infra). In contrast, for bimetallic complex 4 under the same
conditions, there is only a 1.6 times decrease in activity (from
41.0 to 25.8 (kg polymer) (mol of Hf)™' min~" atm™) and
marginal changes in polymer M, (from 259 to 186 kg
mol };Table 1, entries 4 vs 5). Here, performance is only
marginally activator-stoichiometry- and identity-sensitive, argu-
ing that neither cooperative nor differential ion-pairing effects
dominate.

2.3.3. Ethylene/1-Octene Copolymerization with 2 Equiv
of Activator. In ethylene/l-octene copolymerizations, bimet-
allic complex 3 activated with B, exhibits greater 1l-octene
incorporation (28.7 vs 14.9 mol %), generates higher M,.’s (862
vs 355 kg mol™"), with slightly broader PDIs (3.1 vs 1.8), than
monometallic control 1 (with 1 equiv of activator; Table 2,
entries 3 vs 1). In marked contrast, bimetallic complex 4 yields
1-octene incorporation levels (18.6 mol %) very similar to the
monometallic control 1, and with a lower product M,, (174 kg

mol ™}, Table 2, entry 6), arguing that the two metal centers in
bimetallic complex 4 operate independently. These results and
those in the section above likely reflect the nonideal spatial
conformations and large catalytic center separation in 4 vs 3.
Curiously, with NB as the cocatalyst, complexes 3 and 4 exhibit
similar copolymerization properties, that is, activity, 61.3 (kg
polymer)-(mol of Hf)™' min™' atm™ for 3 and 684 (kg
polymer)-(mol of Hf)™' min™' atm™ for 4; l-octene
incorporation, 18.0 mol % for 3 and 17.0 mol % for 4 (Table
2, entries 9 and 11), indicating that both activators generate
functionally similar active species with NB (vide infra). In
surprising contrast, mononuclear complex 1 (with 1 equiv of
NB; Table 2, entry 8) under the same polymerization
conditions exhibits near-negligible activity (4.2 (kg polymer)-
(mol of Hf)™! min™" atm™), ~16 times less than those of 3 and
4, presumably reflecting the aforementioned slow remetalation
process,”” and slightly lower comonomer incorporation (11.7
mol %), ~1.5 times less than those of 3 and 4. When higher 1-
octene concentrations are introduced in copolymerization
(from 0.72 to 2.15 g) experiments, bimetallic catalyst 3/B,
enchains 26.3 mol % more l-octene and yields higher M,
polymers than does monometallic catalyst 1/B; (60.5 vs 34.2
mol %, 360 vs 240 kg mol™}, Table 2, entries 4 and 2,
respectively). Note also that ethylene/1-octene copolymeriza-
tion activities are greater than those for ethylene homopolyme-
rization, a not uncommon comonomer rate enhancement
effect.”

Ethylene + 1-octene reactivity ratio estimations were made
using *C NMR methods (Table S3) for a single concentration
of a-olefin ([1-octene] = 0.72 g).* Although bimetallic catalyst
3/2B, shows a higher 1-octene incorporation ratio than 1/1B,;
(Table 2, entries 3 vs 1), its reactivity ratio for 1-octene ()_ocene
= 0.44) is less than that of the monometallic control 1/1B,
(P1-octene = 0.77). In contrast, the monometallic catalyst exhibits
a much larger 7yjene (11.80 vs 3.43). The product of monomer
reactivity ratios (emylenel1-octene) indicates that the poly-
(ethylene-co-1-octene) produced by bimetallic 3 is close to a
statistically random copolymer (Fpylene1-octene = 1.50),*¢
whereas the polymer produced by monometallic catalyst 1
has significant block alternating [EEE]—[OOO] character
(Fethylene 1-octene = 9.08).%° Note also that the polymer micro-
structures are not affected by the different cocatalysts, insofar as
Tethylenel1-octene d0€S TOt change significantly using B, or NB.
These observations suggest that the catalytic centers in
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Scheme 4. Activation Chemistry of Bimetallic Complexes 3 and 4 According to NMR Analysis
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Figure 2. Four sections of the '"H ROESY NMR spectrum of ion pair 5 (toluene-dg, 268 K). Black and red colors refer to the 5[Hf,(R)—Hfy(R)]

and 5[Hf,(S)—Hfz(R)] diastereomers, respectively.

bimetallic active species 6 and 7 are more sterically congested
than the monometallic analogue. Steric constraints probably
render consecutive l-octene enchainment at the Hf—C
(polymeryl) bond less favorable for bimetallic 3, despite the
higher 1-octene incorporation tendency vs the monometallic
analogue.

2.3.4. Control Experiments: Ethylene/1-Octene Copoly-
merization with 1 Equiv of Activator. When the loadings of
cocatalysts B; and NB are decreased from 2 to 1 equiv with
respect to catalyst metal centers, only trace polymer is obtained
from complex 3 (Table 2, entries S and 10); however, no
obvious change in polymer yield, polymer M,, and 1l-octene
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incorporation level is observed for bimetallic 4 (Table 2, entries
7 vs 12).

2.4. Catalyst Activation Chemistry. The activation
chemistry of 3 and 4 with typical Lewis (B;) or Brensted
(NB) acid cocatalysts was investigated in solution by advanced
NMR methods®” using 1 or 2 equiv of cocatalyst/metal center
(Scheme 4).

2.4.1. Bimetallic Complex 3. The reaction of complex 3 with
1 equiv of B; or NB proceeds in a similar manner, affording,
after abstraction/protonolysis of a single methyl group from the
HfMe; unit, monocationic complex 5 (Scheme 4). In solution §
is present predominantly as a mixture of two diastereomers in a
~55/4S molar ratio. NMR resonance assignment was carried
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out starting from H2 (s, 8 = 8.77 ppm for the major isomer;
Sy = 8.87 ppm for the minor isomer) and following both
dipolar and scalar interactions in 2D homo- and heteronuclear
NMR experiments (relevant sections of the '"H ROESY NMR
spectrum are shown in Figure 2). The negative chemical shift
values of H61 and H62, the NOE contacts of H62 with H6 and
H7 (Figure 2D), and the low value of the CS chemical shift (5
= 114.9 ppm for the major isomer, 6c = 114.7 ppm for the
minor isomer) all indicate z-coordination of the naphthyl to
Hf;, as previously observed, both in solution and in the solid
state, for the monometallic ion-paired analogue, L'-HfMe, " B-
(C4Fs)4, obtained from reaction of 1 with NB.*** Furthermore,
an NOE contact between H61 and the septet at 5y = 3.04 ppm
(HS9) is also present (Figure 2B), whereas the latter septet
does not show significant NOE with H42 (Figure 2C). This
indicates that H61 is anti with respect to H42, leading to the
conclusion that the configuration of the two chiral carbon
atoms of the major diastereomers is S[Hf,(R)—Hf(R)] or its
enantiomer S[Hf,(S)—Hf;(S)]. Consequently, the configura-
tion of the two chiral carbons of the minor diastereomer is
S[Hf,(S)—Hfy(R)] or its enantiomer S[Hf,(R)—Hf(S)].
The activation of 3 with 2 equiv of B, or NB produces
dicationic complex 6 or the corresponding aniline—stabilized
complex 7, respectively (Scheme 4). The low frequency shifts
of H61, H62, and CS, as well as the NOE contacts of H62 with
H6 and H7 in both 6 and 7 (see for example Figure S18)
indicate that the structure around Hfy is similar to that in S.
Consequently, the second equiv of cocatalyst selectively
abstracts/protonate one methyl group from the Hf, unit,
with concomitant aniline coordination to Hf, in the case of 7.>*
This is in sharp contrast to the behavior of 1, which undergoes
selective protonolysis of Hf—C,,;, 6-bond when activated with
NB.**? Possibly the presence of the cationic Hfy unit, already
involved in 7-coordination with the naphthyl moiety (ie. S),
favors selective protonolysis of Hf—Cy, o-bond at the Hf} site,
providing a rationale for the high activity and lack of induction
period in polymerizations mediated by 3/2 NB (vide supra).
A common and interesting feature of ion pairs § and 6 is the
presence of a dynamic process that selectively exchanges CH;
groups between Hf, and Hfj centers. In particular, Me(36)—
Me(61) exchange is operative in S[Hfy(R)—Hfz(R)] and 6,
whereas Me(35)—Me(61) exchange is operative in S[Hf,(S)—
Hfz(R)] (see the SI). Variable-temperature 'H EXSY NMR
studies in toluene-dg, (228—288 K, see the SI) yield AGi(z%) =
155 + 1.0 and 143 + 1.0 kcal mol™! for methyl group
exchange in S[Hf,(R)—Hfz(R)] and S[Hf,(S)—Hfz(R)],
respectively. These values compare well with those recently
measured for methyl exchange in the heterobimetallic adduct
formed b‘y 1'B(C¢Fs),” and ZnMe, (AGi(zgg) = 14—-16 kcal
mol™').** The corresponding ethyl exchange rate in the
heterobimetallic adduct formed by 1"B(C4Fs),~ and ZnEt, also
occurs at a similar (if not larger) rate.””" Consequently, the fast
methyl exchange observed in § and 6 suggests that alkyl groups
can rapidly and reversibly transfer between the Hf, and Hfj
catalytic centers in the present binuclear systems, as also
suggested by DFT calculations (vide infra). The aforemen-
tioned exchange process is not operative in 7 at room
temperature, presumably because of aniline coordination.
2.4.2. Bimetallic Complex 4. The reaction of 4 with 1 equiv
of NB proceeds by the selective protonation at CS, affording 5
(Scheme 4). In contrast, complex 4 reacts with 1 equiv of B, to
form a complex mixture containing four major species.
Interestingly, the '"H ROESY NMR spectrum establishes that
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in all four species, the H2 resonance gives NOE contacts with
two singlets in the aliphatic region arising from Hf—CHj,
moieties, confirmed by an 'H, *C HMQC experiment (Figure
§22). It thus appears that B, regioselectively abstracts one CH,
group from the Hfy unit of 4, affording monocationic complex
8. Formation of four different species can be explained by
considering that the abstraction of one CHj; from Hfy may not
be stereoselective (see Scheme S7) as observed when 1 is
activated with B;.”* The reaction of 4 with 2 equiv of B, yields
a complex mixture. In contrast to that found for 8, the 'H
ROESY NMR experiment establishes that, for each of the three
principal species, the H2 resonance gives NOE contacts with
only one singlet in the aliphatic region that is assigned to the
corresponding Hf,—CH; moieties, as confirmed by a 'H, *C
HMQC NMR experiment (Figure S24). Consequently, the
second equiv of B, regioselectively abstracts one CH; group
from the Hf, unit of 8, affording a diastereomeric mixture of
dicationic complex 9 (Scheme 4).

2.5. DFT Analysis. DFT calculations were performed to
obtain further insight into the structural and electronic
properties of the catalytically active species and to explain the
unusual catalytic behavior of the two bimetallic systems versus
the monometallic analogue. First, geometrical analysis of
dicationic complex 6, obtained by the activation of 3 with
cocatalyst B, and the corresponding aniline-stabilized complex
7, obtained by the activation of 3 with cocatalyst NB, are
performed. Only diastereomer, R,R was analyzed. Three main
configurations found for dicationic complex 6 are related by
rotation of the HfzMe, unit around the C,,,;—Cp,, bond. The
most stable structure (the other structures are depicted in
Figure S72) features two y-CHj; groups bridging the Hf sites
(Figure 3A). This configuration involves elongation of the Hf—
CH; bonds as well as reorientation of the CH; groups involved
in the bridge. The isopropyl fragment of the 2-(i-Pr)C¢H,—
moiety points far away from the metal center at both Hf, and

Figure 3. DFT optimized structures of dicationic complexes 6 (A), 7
(B), and 9 (C).
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Hf; sites. Overall, the computed Hf---Hf distance in complex 6
lies in the 3.20—6.55 A range, depending on the rotational
conformation of the HfgMe, unit around the C,,,,—Cp,, bond.
For dicationic complex 7, the HfgMe, unit and the C—H of the
chiral bridge proximate to Hf, are in an anti position with
respect to the naphthalene plane (Figure 3B), whereas a syn
arrangement is found between the HfgMe, unit and the CHj;
group bonded to the Hf, site. Here, the isopropyl fragment of
the 2-(i-Pr)C¢H,— moiety is directed toward the metal center
in the Hf) site and far away from the metal center in the Hfg
site.

The different fragment arrangements of complex 6 vs 7
reflect the aniline coordination to the Hf, site. Note also that
any attempt to force coordination of aniline to the Hfy site
destabilizes the structures by ~24 kcal/mol. In contrast, similar
aniline coordination to the activated catalyst arising from parent
monometallic catalyst 1 yields a more stable complex by ~5
kcal/mol vs coordination of the aniline to the Hf, site in
complex 7. Finally, dicationic complex 9 (Figure 3C) arising
from the activation of catalyst 4 with B, has both Hf sites fused
to the naphthyl ring in a rigid conformation. In contrast to 6,
the long Hf---Hf distance in 9 is fixed at 7.48 A.

3. DISCUSSION

Evidence from the DFT calculations,”” NMR analysis,ub and
extensive polymerization experiments”>*" as well as catalytic
data from similar systems”®*® persuasively argues that a
monoalkyl cationic Hf(IV) center having a Hf~C,,,, o-bond
is essential for achieving high polymerization activity in
monometallic Hf arylcyclometalated pyridylamido catalysts.
These requirements appear to hinge on the in situ generation of
a remarkably active species via a single olefin molecule insertion
into the Hf—C,,,;, 6-bond. This is facile when a CHj abstractor
such as B is used as the cocatalyst (Scheme S, top). In contrast,

Scheme $S. Initial Migratory Insertion of Ethylene into the
Hf-C,,,n, Bond of Monometallic Pyridylamido Complexes
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activation with Brensted acids such as NB leads to selective
protonolysis of the Hf—C,,;, o- bond, affording an inactive
monocationic dimethyl complex stabilized by coordination of
the aryl z-system. The latter may undergo aryl remetalation
with elimination of CH, and subsequent olefin insertion,
ultimately affording the active species. However, this process is
slow, resulting in long catalytic induction periods (Scheme S,
bottom). From these considerations, the following order of
activity is expected for the cationic species generated by
activating bimetallic precatalysts 3 and 4 with varying amounts
of Biand NB: 9>6~7 ~ 8 >S.

Experimental activity data for both ethylene polymerization
and ethylene/l-octene copolymerization are in excellent
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agreement with the order reported above. Nevertheless, clear
indications of cooperativity are found in the significantly
enhanced M,, of both polyethylene (5.7 times) and ethylene/1-
octene (2.4 times) copolymers as well as the greater
incorporation of 1l-octene (1.9 times) achieved by 3 when
activated by B,. The observed cooperative enchainment effects
involving the two Hf centers in the present systems are not
straightforwardly explained. In other bimetallic systems,”
cooperative effects roughly scale with the accessible M:-M
distance and may be associated with, in addition to the
monomer 7-olefin binding, weak secondary interactions
between weakly basic monomer substituents (e.g, C—H, Ph)
and the second M center (e.g, Scheme 6A).”*** These
interactions appear to play a significant role in modifying the
enchainment and chain-transfer kinetics.’

Scheme 6“
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s [ (S

CeHy —H M
SN ) B(Cst)? H N Alé B(Cer)?
I R = R
= J—— R
10 =\, MBS
67113 Y
B(Cst)?
o [Quests o Qe =
— \ Vo ° W
H / A

.". i@—N‘ )
cHyN @ R

©
B(CeFs)s B(CeFs)s

B(CeFols CeHis
R = 2-(i-Pr)CqH,-

R’ = 2,6-(i-Pr),-CeHy-

P = polymeryl chain

?(A) Possible mechanistic scenario for enhanced a-olefin enchainment
in ethylene-co-a-olefin polymerizations mediated by bimetallic
catalysts. (B) Proposed olefin activation/insertion transition states at
the Hf centers of activated monometallic species 1 and bimetallic
species 11. (C) Proposed olefin binding equilibrium in complexes
formed from bimetallic catalysts 6 and 7.

The present DFT analysis indicates that in catalysts 6 and 7,
Hf; lies close enough to Hf, (Hf,--Hf; ranges from 3.20 to
6.55 A) that 1-octene might z-bond to the Hf, center while
engaging in a —CH,---M agostic interaction with the Hf; center,
thereby enhancing a-olefin enchainment selectivity. However,
alternative scenarios are a priori possible. The simplest is to
consider that the Hfz-moiety may indirectly modify the relative
ethylene and 1-octene insertion energy barrier at the active Hf,
center, serving as unusual naphthyl-Hf, substituent. The
present DFT calculations®” show that the ethylene insertion
transition state at the Hf" site of activated monometallic catalyst
10 is 0.8 kcal/mol less demanding than that of 1-octene. In
contrast, ethylene insertion is 0.4 kcal/mol more demanding at
the Hf," center in the case of the activated bimetallic catalyst
11 (Scheme 6B). Such a slight difference may contribute to the
enhanced 1l-octene selectivity in the case of the bimetallic
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catalysts. Moreover, the bulkier naphthyl-Hf, environment may
also modify the catalyst/cocatalyst ion pairing and consequently
alte4rl the polymerization properties of the bimetallic catalysts
11.

A third plausible scenario, based on the fast CH; group
exchange observed by VT 'H ROESY NMR in 6, is that at any
given time in the catalytic cycle, the mono olefin-uptake
bimetallic catalyst equilibrates between the two limiting
structures (11 and 12) of Scheme 6C. Although this may
appear unusual, dicationic metal centers have been previously
proposed for Ti***’and Zr***’ and recently isolated and
characterized in solution by NMR spectroscopy in the case of
Hf complexes.”™ In particular, reaction of monocationic
1"B(C¢F;),~ with 1 equiv of HNMe,Ph*B(C¢F;),” yields
1*[B(C4Fs), 1, The relative binding energies of ethylene
and 1-octene have been computed for the Hf," site in 11 and
for the Hfg*" site in 12. Interestingly, we find that l-octene
coordination to Hfg*" in 12 lies 5.9 kcal/mol below ethylene
coordination, whereas this difference is only 2.8 kcal/mol for
olefin binding to the Hf," center of 11. This result suggests that
12 may be an intermediate along the polymerization pathway,
possibly explaining the greater l-octene content in the
copolymers produced by the present bimetallic catalysts. In
this scenario, the Hfy** center in 12 is essentially inactive and
provides only a lower energy pathway for l-octene uptake.
Once bound to the bimetallic catalyst, the olefin can be easily
transferred from one Hf site to the other in concert with alkyl
migration, hence equilibrating 11 and 12 (Scheme 6C).**

Aside from its origin, the pivotal role played by the close
proximity/interplay of the two Hf centers is striking when
comparing the polymerization properties of activated precata-
lysts 3 and 4. Activation of 4 with 1 or 2 equiv of B; produces
ion pairs 8 or 9, respectively (Scheme 4). Both 8 and 9 feature
the required Hf—C,,, o-bond(s) amenable to initial ethylene
insertion into the Hf—C,__; bond and, consequently, are
immediately active catalysts (Table 1, entries 4 and S5; Table 2,
entries 6 and 7). Note, however, that both produce polymers
and copolymers similar to those obtained with monometallic
precatalyst 1 (compare entries 1, 2, 4, and S in Table 1; entries
1, 3, 6, and 7 in Table 2), despite their bimetallic nature. This
lack of enchainment cooperativity is attributable to the larger
and fixed Hf,--Hf; distance in 9 (748 A, from the DFT
optimized structure) vs access to a smaller and flexible Hf,---
Hf distance in 6, 3.20 A-6.55 A, from the DFT optimized
structures.

3.1. Mechanistic Synopsis. In formulating a concluding
cooperativity scenario which encompasses all of the present
observations, it is useful to summarize the results:

i. The Hf---Hf distances in bimetallic precatalysts 3 and 4
are 6.16 and 8.06 A, respectively. Activation with 2 equiv
of B, generates active species 6 and 9. DFT computation
places the Hf---Hf distance in 6 at 3.20—6.55 A as a result
of the conformationally flexible structure. In contrast, the
Hf---Hf distance in 9 is longer (8.06 A) and conforma-
tionally rigid.

NMR studies indicate that, in contrast to monometallic
1, activation of 3 with NB proceeds by selective and
consecutive protonolysis of Hf—CH; moieties instead of
Hf-C,,,, protonolysis, as observed for 1. Consequently,
the resulting bimetallic complexes are immediately active
for catalytic turnover, whereas the monometallic
analogue requires a prolonged induction period.

ii.
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ili. In comparison with monometallic precatalyst 1 activated
with 1 equiv of B}, bimetallic precatalyst 3 activated with
2 equiv of B, (active species 6) yields polyethylene with
5.7 times higher M,, and poly(ethylene-co-1-octene) with
1.9 times greater 1-octene enchainment densities.

In contrast to the above results, bimetallic precatalyst 4
activated with 2 equiv of B; (active species 9) exhibits
catalytic behavior (polymer M,, and 1-octene incorpo-
ration) similar to that of monometallic precatalyst 1
activated with 1 equiv of B,.

Bimetallic precatalyst 3 activated with 1 equiv of B,
(active species §) exhibits sluggish catalytic behavior and
negligible polyethylene M,, enhancement versus mono-
metallic precatalyst 1 activated with 1 equiv of B,.

In contrast to the above results, bimetallic precatalyst 4
activated with 1 equiv of B, (active species 8) exhibits
catalytic behavior (polymer M,, and 1-octene incorpo-
ration) similar to that of monometallic precatalyst 1
activated with 1 equiv of B,.

i. Although active species 5 and 6 have similar steric
characteristics around the Hf centers, ethylene polymer-
ization by 6 gives higher M, polymer than mononuclear
1, whereas § gives polymer with M,, similar to that of
monometallic precatalyst 1 activated with 1 equiv of B,.
Fast methyl exchange is observed in § and 6 by NMR,
indicating that alkyl groups can rapidly and reversibly
transfer between the Hf, and Hfy catalytic centers, as
also suggested by DFT calculations.

iv.

viii.

Scheme 6 presents a qualitative scenario for the reader that
we feel best portrays the present observations, paralleling a
picture that has evolved for other bimetallic polymerization
systems.

4. CONCLUSIONS

This investigation reports the synthesis and characterization of
a series of bimetallic pyridylamido Hf catalysts. Bimetallic
complexes 3 and 4, with varied solid state spatial conformations
and Hf---Hf distances exhibit distinctive and opposite catalytic
behavior. The shorter and more flexible Hf---Hf distance in the
3-derived active species affords product polymers with higher
M, and copolymers with enhanced 1-octene incorporation vs
those obtained with monometallic analogue 1. In contrast, the
4-derived active species having a larger and fixed Hf---Hf
distance produces polymers and copolymers similar to those
obtained with monometallic catalyst 1. It is noteworthy that the
observation of very rapid exchange of alkyl and by extension,
polymeryl, moieties between two Hf centers in 6 suggests that
the Hf---Hf proximity may render intramolecular chain shuttling
possible, even in the absence of a chain shuttling agent.” This
possibility is currently under investigation.
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