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Polyolefins are a range of commodity materials with major
economic implications.!!. Despite a significant historical
record, the requirement of efficient methods for their
preparation and the search for new macromolecular archi-
tectures continue to drive the development and design of
homogeneous transition-metal complexes in both academic
and industrial laboratories. Late-transition-metal systems are
less oxophilic than their early-transition-metal counterparts.!!
They have been shown to participate in “chain-walking”
reactions,”! exhibit living behavior,” incorporate and tolerate
polar functionalities,* and have been used in water.”! Such
flexibility in reactivity is relevant for the development of new
materials.!'#°

Cationic catalysts and/or initiators are typically generated
by electrophilic abstraction reactions from neutral complexes
by wusing coactivators, such as methylaluminoxane
(MAO).”" The activated complex is in most cases an ion-
paired species consisting of an electrophilic transition-metal
cation and a bulky noncoordinating counterion. Other
methods of activation have also been reported. More
specifically, complexes containing a-iminocarboxamidato
and related ligands can be activated by the binding of Lewis
acids to lone pairs of electrons on functional groups within the
ligand framework.[®® Such a process leads to the formation
of zwitterionic complexes, enables activation at a site
removed from the monomer-insertion trajectory, and results
in a net withdrawal of electron density from the metal atom.[!

The molecular requirements for the two activation
processes described above led to the design of compound 1
(Scheme 1), in which a nickel center is coordinated by a bulky
a-keto-B-diimine ligand. Active sites are generated by using
trimethylaluminum (TMA), MAO, and modified MAO
(MMAO) coactivators.”'! The presence of the carbonyl
functionality on the ligand framework leads to an increase in
the rate of polyethylene (PE) production by two orders of
magnitude relative to that observed with a nearly isostruc-
tural p-diimine analogue.'!! This increased activity has been
attributed to the formation of a cationic species in which the
metal center is further depleted of electron density by the
attachment of a Lewis acid at the carbonyl site, as in 1A.
Living-polymerization characteristics can be attained by
reducing the TMA content in MAO through the removal of
volatile species.

The formation of 1 A and the responsibility of this species
for promoting the polymerization reactions have not been
fully verified. Commercially available MAO and MMAO are
complex mixtures of oligomers containing various weight
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Scheme 1. Proposed active site upon activation with MAO. R=alkyl,
A~ =charge-compensating counterion, Ar=2,6-diisopropylphenyl.

ratios of alkyl aluminum species."” Furthermore, the excess
aluminum (AIl/Ni 250:1) required to activate 1 complicates
the in situ observation and characterization of initiating/
propagating sites. In response to these challenges, we report
the synthesis and characterization of a discrete, cationic nickel
analogue of 1: [2,4-bis(2,6-diisopropylphenylimino)pentan-3-
one-k*’N,N'|Ni(n*-C,H;)'BAr’,” (2, Ar' = 3,5-(CF;),C¢H,). We
found evidence for increased polymerization rates upon the
binding of a Lewis acid to the carbonyl functionality. Addi-
tionally, we disclose new reactivity with alkyl aluminum
compounds that is relevant for understanding the experimen-
tal conditions required to achieve living polymerization.
Complex 2 was synthesized in 78 % yield by the reaction
of 2.4-bis(2,6-diisopropylphenylimino)pentan-3-one  with
[(C4H;)NICl], in the presence of NaBAr',~ (Scheme 2). In
contrast to the paramagnetic analogue 1, complex 2 is

Al 0.5 {(C4H,)NICI},] Ar 1 BArS
o= " o=
=N NaBAr',~ _N/N'
. .
Ar BrCgHs Ar
2

Scheme 2. Synthesis of 2. Ar=2,6-diisopropylphenyl, Ar'=3,5-
(CF3)2C6H3'

diamagnetic. Two resonances were observed in the '"H NMR
spectrum of 2 in CD,Cl, for the syn and anti allylic hydrogen
atoms: singlets at 6 =2.30 (H,,;) and 2.20 ppm (H,,,). The
presence of these resonances indicates the structural rigidity
of the m-allyl ligand on the NMR time scale.” In the
3C NMR spectrum, the CH, carbon atoms appear as a singlet
at 0 =66.0 ppm, the imine carbon atoms at 6 =175.5 ppm,
and the carbonyl carbon atom at é = 183.6 ppm; these signals
indicate that the ligand is bound in an N,N’ fashion. The "B
and FNMR spectra show characteristic singlets for the
BAr',” counterion at = —6.7 and —64.2 ppm, respectively. A
single-crystal X-ray diffraction study confirmed the identity
of the complex (Figure 1). A distorted square-planar geom-
etry around the nickel center was observed, whereby the six-
membered chelate adopts a boatlike conformation similar to
that in 1.”) The 2,6-diisopropyl groups project toward the axial
sites of the cation in a configuration that was anticipated to
retard the rate of chain transfer and lead to the formation of
high-molecular-weight polymers.’?!

Interactions with different Lewis acidic aluminum com-
pounds were first probed by examination of the reaction of 2
with Al(C¢Fs)5(C/Hg)os (1 equiv).' A new organometallic
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Figure 1. ORTEP drawing of the cation in 2. Hydrogen atoms and
the BAr',” counterion have been omitted for clarity. Thermal ellipsoids
are drawn at 35% probability. Selected bond lengths [A] and angles [°]:
C(2)-N(2) 1.279(6), C(2)-C(3) 1.515(7), C(1)=N(1) 1.272(6), C(1)-
C(3) 1.527(7), C(3)-O(1) 1.203(6), Ni(1)=N(1) 1.947(4), Ni(1)-N(2)
1.946(4), Ni(1)=C(5) 1.995(6); N(1)-C(1)-C(3) 118.6(5), C(1)-C(3)-C(2)
122.4(5), N(2)-C(2)-C(3) 119.6(5), C(2)-N(2)-Ni(1) 123.0(4), N(1)-
Ni(1)-N(2) 96.37(18), Ni(1)-N(1)-C(1) 123.9(4).

product formed within minutes, as determined by 'H NMR
spectroscopy in CsDg or CD,Cl, (in which the compound is
unstable after 1 h). For example, in CD,Cl,, the resonances
for the allylic protons appeared at ¢6=2.38 (H,,) and
2.30 ppm (H,,,). The downfield shift of these signals relative
to those of 2 is indicative of a more electrophilic metal center.
Characteristic resonances observed in the '’F NMR spectrum
(CDg) at 0p=-139 (6F, ortho), —154 (3F, para), and
—162 ppm (6F, meta) are consistent with carbonyl coordina-
tion to aluminum.™ A downfield shift in the *C NMR
spectrum in C¢Dy indicated a more polarized C=O bond in the
product relative to that in 2 (Adco=16.1 ppm; see the
Supporting Information). These observations are consistent
with the formation of 3 (Scheme 3). Single crystals of 3 were
not obtained despite repeated attempts owing to the lack of
crystallinity in this complex. The carbonyl stretching fre-
quency in the IR (KBr) spectrum of 3 occurs at a lower
frequency in comparison to that observed for 2 (Aveo=
—52cm™"), as would be expected for the decreased C=O
bond order upon activation.

The reaction of 2 with TMA (1 equiv) resulted in the
formation of 4 (Scheme 4). The "H and *C NMR spectra of 4
are consistent with the formation of a mixture of diastereo-
mers in a 1.4:1 ratio. Four peaks corresponding to the methyl
groups attached to aluminum were observed between 0 =
—0.50 and —0.72 ppm. Single crystals of 4 suitable for X-ray
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Scheme 3. Reaction of 2 with Al(C4Fs); to form 3. Ar=2,6-diisopropyl-
phenyl, Ar'=3,5-(CF;),C¢H;.
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Scheme 4. Reaction of 2 with TMA. Reaction conditions: AlMe,
(1 equiv), toluene, —35°C—RT. Ar=2,6-diisopropylphenyl, Ar'=3,5-
(CF3)2C6H3'

crystallography were obtained at —35°C from a toluene
solution. The results of the structural characterization of 4 are
shown in Figure 2. The addition of TMA in toluene to 2
resulted in alkylation of the exocyclic carbonyl group and
rearrangement of the ligand framework. This reaction led to a
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Figure 2. ORTEP drawing of the cation in 4. Hydrogen atoms and

the BAr',~ counterion have been omitted for clarity. Thermal ellipsoids
are drawn at 35% probability. Selected bond lengths [A] and angles [°]:

Ni(1)-N(2) 1.904(6), N(2)-C(2) 1.267(8), C(2)-C(3) 1.546(9), C(3)-
0O(1) 1.407(7), O(1)-Ni(T) 1.904(5), C(3)~ ()1538(9) O(1)-AI(1)
1.806(5), Al(1)=N(1) 1.972(6), N(1)-C(1) 1.278(7); Ni(1)-N(2)-C(2)
118.1(5), N(2)-C(2)-C(3) 112.3(6), C(2)-C(3)-O(1) 107.9(5), C(3)-O(1)-
Ni(1) 112.8(4), O(1)-Ni(1)-N(2) 104.90, C(3)-O(1)-Al(1) 118.66, O(1)-
Al(1)-N(1) 82.7(2), Al(1)-N(1)-C(1) 114.3(5), N(1)-C(1)-C(3) 115.1(6),
C(1)-C(3)-0(1) 107.7(5).

binuclear organometallic species in which nickel and alumi-
num are ligated in an N,O,N’ fashion with the oxygen atom
bridging the aluminum and nickel centers. The nickel atom in
this complex adopts a distorted square-planar geometry with
a planar five-membered N(2),0 chelate. The 2,6-diisopropyl
substituents on the aryl group bound to N(2) project toward
the axial positions of the nickel coordination plane. Alumi-
num is N,O-bound with a tetrahedral arrangement of ligands.

The reaction of 2 with triethylaluminum (TEA) yielded a
distinct organometallic product. Specifically, the addition of
TEA (1 equiv) to 2 resulted in the quantitative formation of
complex 5 (SchemeS5). The molecular structure of 5
(Figure 3) was determined by single-crystal studies. The
characterization of 5 by NMR spectroscopy in solution was
consistent with this structure (see the Supporting Informa-
tion). Interestingly, although compounds 4 and 5 have
structural similarities, and alkylation reactions with TMA
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Scheme 5. Reaction of 2 with TEA. Reaction conditions: AlEt,
(1 equiv), toluene, —35°C—RT. Ar=2,6-diisopropylphenyl, Ar'=3,5-
(CF3)2C6H3'

Figure 3. ORTEP drawing of the cation in 5.1 Hydrogen atoms and
the BAr',” counterion have been omitted for clarity. Thermal ellipsoids
are drawn at 35% probability. Selected bond lengths [A] and angles [°]:
Ni(1)-N(2) 1.924(3), N(2)-C(2) 1.282(5), C(2)—C(3) 1.536(5), C(3)-
O(1) 1.422(5), O(1)-Ni(1) 1.918(3), C(3)-C(1) 1.513(6), O(1)-Al(1)
1.829(3), Al(1)-N(1) 1.999(4), N(1)-C(1) 1.296(5); Ni(1)-N(2)-C(2)
116.83(3), N(2)-C(2)-C(3) 114.0(4), C(2)-C(3)-O(1) 108.5(3), C(3)-O(1)-
Ni(1) 112.7(2), O(1)-Ni(1)-N(2) 83.05, C(3)-O(1)-Al(1) 118.12, O(1)-
Al(1)-N(1) 83.0(4), Al(1)-N(1)-C(1) 113.7(3), N(1)-C(1)-C(3) 115.7(4),
C(1)-C(3)-O(1) 108.4(3).

are well-established,'” the reaction with TEA and subse-
quent formation of complex 5 proceeds with the elimination
of ethylene, as evidenced by the 'HNMR spectrum (0=
54 ppm in CD,Cl, at 210 K), probably through direct {3-
hydrogen transfer to the coordinated carbonyl group.!'*!”
Comparison of the structural fea-
tures of 4 and 5 shows that the
bulkier ethyl groups in 5 result in a

Angewandte

ular-weight PE (7,,=128°C) in low yield (Table 1, entry 1).
The addition of ethylene to a solution of 2 in CD,Cl, in an
NMR tube resulted in the consumption of the monomer and
the appearance of a singlet corresponding to —(CH,),— at 6 =
1.28 ppm along with the formation of a white precipitate. That
there is no large difference in the integration of signals
attributed to 2 suggests that initiation is inefficient and that
only a few sites rapidly propagate, in agreement with reports
of other initiator systems containing m-allyl ligands.['®!

A significant increase in reactivity was observed in the
presence of Al(C¢Fs); (Table 1, entries 3-5). The productivity
was two orders of magnitude larger with 5 equivalents of the
coactivator than with 2 alone. The higher activity observed
with 5 equivalents of Al(C4Fs); than with 1 equivalent may be
attributed to the scrubbing of impurities within the reaction
medium and/or a shift of the equilibrium towards the adduct.
The addition of Al(C4Fs); also led to a large increase in the
molecular weight of the product (from M, ~ 50 x 10* gmol ™
with 2 to M,~1x10°gmol™" with 2/Al(C4Fs);; Table 1,
entries 2 and 5). Comparison of the molecular weight of the
products and productivities indicate that 2/Al(C¢Fs); does not
initiate the reaction completely at the beginning of the
polymerization. An increase in the amount of the coactivator
from 1 to 5equivalents resulted in an almost threefold
increase in the activity (Table 1, entries 3 and 4). An increase
in the reaction temperature to 75°C under these conditions
resulted in a large increase in ethylene consumption and an
average productivity of 4800 kg of PE per mol of Ni per hour
(Table 1, entry 5), which corresponds to an apparent turnover
frequency (TOF) of 1.7 x 10° h™'. The molecular-weight dis-
tribution of the polymer in entry 5 of Table 1 is broadened.
We attribute this effect to inefficient initiation, limitation to
short reaction times, and gelation of the reaction medium as a
result of the rapid production of high-molecular-weight PE.
However, the activity observed for the reaction in entry 5 of
Table 1 is comparable to that observed with the /MAO
combination.

The reactivity of 4 and 5 was lower than that observed
with 2/Al1(C¢Fs); (Table 1, entries 6 and 7). These observa-
tions may bear implications for why it is important to remove
TMA from MAO to achieve living-polymerization conditions.
Specifically, the formation of analogues of 4 by reaction with
TMA would increase and modify the diversity of propagating

Table 1: Selected ethylene-polymerization reactions.?!

more crowded coordination plane Entry Initiator Coactivator t T ACtiVity[b] MW MW/Mn[d] Tm
at the nickel center (Figures 2 and (equiv) [min]  [°C] [10° gmol ] [°q
3). 1 2 - 60 50 20 47 1.9 128
We carried out a series of 2 2 - 20 75 73 51 6.6 118
ethylene-polymerization test reac- 3 2 Al(CeFs); (1) 20 50 300 1088 4.3 125
tions with 2-5 under various con- : ; Q:EEEE% g; fg 5;(5) 4288 12?2 zjs dal ﬁ;
1ti 6'5)3 Imoda
dlthI’lS' '(Table 1). Compound 2 6 4 _ 20 50 15 180 b 131
could initiate ethylene polymeri- 5 4 _ 20 50 70 295 26 124

zation in the absence of a coacti-
vator (Table 1, entries1 and 2).
Thus, the exposure of 2 to ethylene
(500 psig) at 50°C resulted in the
formation of crystalline low-molec-

Angew. Chem. 2010, 122, 8062 -8066
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[a] Polymerizations were carried out in a 300 mL autoclave reactor in toluene (50 mL) with 10 umol of
the complex at an ethylene pressure of 500 psig. [b] The activity is given in kg of PE per mol of Ni per
hour. [c] The weight-average molecular weight of the product was determined by gel-permeation
chromatography versus polystyrene standards. [d] M, =number-average molecular weight. [e] The
melting temperature of the product was determined by differential scanning calorimetry.
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sites during the timescale of polymerization and limit control
over the PE structure. The addition of up to 5 equivalents of
TMA (for 4) or TEA (for 5) did not lead to appreciable
increases in activity.

In conclusion, we have described the synthesis and
characterization of the discrete, cationic nickel complex 2,
which offers insight into the propagating sites generated by
using 1 in the presence of various coactivators. Multinuclear
NMR spectroscopy is consistent with the addition of Al-
(C4Fs); to the carbonyl site in 2 to form the cationic complex
3, the electron density of which is further depleted. Al(C¢Fs),
binding also leads to an increase in reactivity towards
ethylene and in the molecular weight of the polymer products.
These observations are fully consistent with the originally
proposed active site shown in Scheme 1. From a practical
perspective, thermally robust polymerization sites can be
generated without the use of large excesses of aluminum
reagents. The reaction of 2 with TMA commonly present in
MAO solutions results in Al-C addition across the carbonyl
functionality and rearrangement of the ligand framework to
give the binuclear organometallic species 4. The reaction with
TEA proceeds by a more complex mechanism, but the final
product is complex 5, which is closely related to 4. The
formation of 4 and 5 indicates that the carbonyl group in the
a-keto-B-diimine not only serves as a conduit for modification
of the electron density at the metal, but can also participate in
deactivation reactions that must be carefully mitigated to
ensure maximum control over the product properties.
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with 1>20(l). CCDC 777724 (2), 777723 (4), and 777722 (5)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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