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ABSTRACT: Ni(II) complexes bearing an o-bis(aryl)-
phosphinophenolate ligand were synthesized as catalysts
for copolymerization of ethylene and alkyl acrylates. When
the P-bound aryl group was 2,6-dimethoxyphenyl group,
one of the oxygen atoms in the methoxy groups
coordinated to the nickel center on its apical position.
This complex was a highly active catalyst without any
activators to give highly linear and high molecular weight
copolymers. The structures of the copolymers were
determined by 1H and 13C NMR to clarify that the alkyl
acrylate comonomers were incorporated in the main chain
and that the structures of the copolymers were significantly
influenced by the structure of the aryl group in the ligand.

The development of olefin polymerization catalyst has
enabled wide range control of polymer structures. In

contrast, copolymerization of 1-alkenes with polar vinyl
monomers via coordination−insertion mechanism is still a
scientific challenge,1 though it is attractive to produce value-
added polyolefins with improved properties. Brookhart et al.2

reported that Pd(II) α-diimine complexes can copolymerize
ethylene with alkyl acrylates, but the obtained copolymers were
highly branched and the comonomers were located at the ends
of the branches. Pugh et al.3 reported that palladium modified
with o-bis(2-methoxyphenyl)phosphinobenzenesulfonic acid
was active for copolymerization of ethylene and alkyl acrylates
to produce linear copolymers. This type of Pd complexes were
further studied to enable copolymerization of ethylene and
various polar vinyl monomers.4

Much effort has been done to find highly active Ni
catalysts,1,5 particularly the one being capable of copolymeriz-
ing 1-alkenes with alkyl acrylates to give linear copolymers with
high molecular weight. Such effort so far has given only a
limited success in terms of catalyst activity, molecular weight,
and linearity of the resulting copolymers.6

Among the approaches to seek for Ni catalysts, SHOP (Shell
Higher Olefin Process) type Ni catalysts7 have some unique
features: being highly active ethylene oligomerization or
polymerization catalysts and tolerable in polar solvents.
Furthermore, they can copolymerize ethylene with functional
vinyl monomers, though being possible only when the vinyl
unsaturation and the functional group are separated by a spacer
of two or more methylene units.8

Here we report a novel class of Ni-based SHOP catalysts,9

the preparation of which is shown in Scheme 1 where the
reaction of Ni(cod)2 and o-bis(aryl)phosphinophenol 1a−1i
gave neutral σ, π-cyclooct-4-enyl Ni(II) complexes 2a−2i

almost quantitatively.10 We found that the complexes can
copolymerize ethylene and alkyl acrylates with high activity to
give highly linear copolymers with high molecular weight
(Scheme 2).

The structure of 2a and 2b was determined by X-ray
diffraction studies (Figure 1 and 2). In complex 2a, the Ni(1)−
C(31) distance (1.954(2) Å) reflects its σ-bond character and
the C(27)−C(28) distance (1.364(4) Å) displays its double
bond character. The σ-bond is located cis to the phosphorus
atom because the strong trans influence of the phosphorus
atom does not favor the existence of alkyl chain trans to the
phosphorus atom.7c,8c Complex 2b has a similar structure to 2a.
The Ni(1)−C(33) distance (1.954(3) Å) reflects its σ-bond
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Scheme 1. Preparation of o-Bis(aryl)phosphinophenolate
Nickel(II) Complexes

Scheme 2. Copolymerization of Ethylene and Alkyl Acrylates
with Complexes 2a−2i
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character whereas the C(29)−C(30) distance (1.375(6) Å)
displays its double-bond character. The Ni(1)−O(2) distance
in 2b (2.530(2) Å) is significantly shorter than the sum of van
der Waals radii of Ni−O, demonstrating that O(2) in 2b
coordinates to the nickel center on its apical position. The
C(13)−P(1)−C(21) angle in 2b (110.66(17)°) is wider than
the corresponding angle C(13)−P(1)−C(20) in 2a
(106.76(11)°), suggesting that more sterically hindered
structure in 2b forces one of the aryl groups to be located in
proximity to the nickel center, resulting in the coordination of
the methoxy group.
Copolymerization of ethylene and tert-butyl acrylate (tBA)

was investigated with complexes 2a and 2b (Table 1). Notably,

no activators were needed for the copolymerization. Complex
2a having one methoxy group at the 2-position of Ar1 and Ar2,
respectively, gave a low molecular weight copolymer. Whereas
2b having two methoxy groups at the 2,6-positions of Ar1 and
Ar2, respectively, gave a much higher Mw over 100 kg mol−1.
The apical position of 2b is sterically protected by the
coordination of methoxy group. This would be the cause of
higher Mw with 2b than with 2a.2,11 Other alkyl acrylates such
as methyl acrylate (MA), ethyl acrylate (EA), and n-butyl
acrylate (nBA) were also copolymerized with ethylene using 2b
(Table 1). The data shows that catalyst activity andMw increase
whereas acrylate incorporation decreases as the bulkiness of
acrylate increases. The Mw/Mn of the copolymers is around two
in each copolymer.
To investigate the effect of MeO-Ni interaction on the

catalyst performance, we systematically replaced methoxy
group(s) on Ar1 and Ar2 by phenoxy group(s) and observed
the change in catalyst performance in the copolymerization of
ethylene and tBA. Table 2 shows that catalyst activity and Mw
increase whereas the tBA content ([tBA]) decreases with
increasing the number of phenoxy groups.12

We also investigated the influence of substituent R1 adjacent
to the phenolic OH group on the catalyst performance (Table
3). It seems to be that aromatic substituents as R1 give a better
performance regarding catalyst activity and/or comonomer
incorporation.
The structure of the copolymers obtained with 2a−2i had

the following common features:13 (i) a highly linear structure,
(ii) isolated alkyl acrylate unit in the main chain,14 (iii) no
branches including alkyl acrylate comonomers, and (iv) no
branches having three or more carbons. More detailed
structures of the copolymers 2A and 2B are summarized in

Figure 1. Structure of complex 2a. The hydrogen atoms are omitted
for clarity. Thermal ellipsoids are shown at the 50% probability level.
Selected bond distances (Å): Ni(1)−P(1) 2.1757(6), Ni(1)−O(1)
1.9383(16), Ni(1)−O(3) 3.166(2), Ni(1)−C(27) 2.132(3), Ni(1)−
C(28) 2.118(2), Ni(1)−C(31) 1.954(2), C(27)−C(28) 1.364(4).
Selected bond angle (deg): C(13)−P(1)−C(20) 106.76(11).

Figure 2. Structure of complex 2b. The solvent and hydrogen atoms
are omitted for clarity. Thermal ellipsoids are shown at the 50%
probability level. Selected bond distances (Å): Ni(1)−P(1)
2.1758(12), Ni(1)−O(1) 1.9663(18), Ni(1)−O(2) 2.530(2),
Ni(1)−C(29) 2.037(4), Ni(1)−C(30) 2.055(5) Ni(1)−C(33)
1.954(3), C(29)−C(30) 1.375(6). Selected bond angle (deg):
C(13)−P(1)−C(21) 110.66(17).

Table 1. Copolymerization of Ethylene and Alkyl Acrylate
with 2a and 2ba

entry cat.b AAc Ad Mw
e Mw/Mn Tm

f [CM]g

1 2a tBA 680 4 1.8 120.4 0.5
2 2b tBA 390 185 2.0 118.2 1.1
3 2b MA 86 68 2.0 104.0 4.5
4 2b EA 203 99 2.1 111.0 2.8
5 2b nBA 261 119 2.0 112.2 2.5

aConditions: catalyst, 80 μmol; ethylene pressure, 3.0 MPa;
temperature, 70 °C; alkyl acrylate, 42 mmol; solvent, 1000 mL of
toluene; reaction time, 1 h. bCatalyst. cAlkyl acrylate as comonomer.
dCatalyst activity (kg mol−1 h−1). ekg mol−1. fMelting point of the
copolymers (°C). gComonomer content in the copolymers
determined by 13C and 1H NMR (mol %).

Table 2. Influence of Phenoxy Group(s) on the
Copolymerization of Ethylene and tert-Butyl Acrylatea

entry cat.b PhOc Ad Mw
e Mw/Mn [tBA]f

1 2b 0 390 185 2.0 1.1
2 2c 1 690 205 1.9 0.9
3 2d 2 2010 283 2.2 0.4
4 2e 2 2120 286 2.0 0.4
5 2f 3 3230 348 2.5 0.3

aConditions: Same as in Table 1 except that the reaction time was 0.33
h for entries 2−5. bCatalyst. cThe number of phenoxy groups on Ar1

and Ar2. dCatalyst activity (kg mol−1 h−1). ekg mol−1. fThe amount of
tert-butyl acrylate in the copolymer determined by 13C and 1H NMR
(mol %).
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Table 4, where 2A and 2B were obtained with 2a and 2b in the
copolymerizations described in Table 1 entries 1 and 2,

respectively (see also Figures S30−S60 in the SI). Both the
amount of tBA at the chain end (terminal tBA) and the
branches were also influenced by the structure of Ar1 and Ar2.
In 2A, the amount of terminal tBA was 20% (0.1/0.5). On

the other hand, terminal [tBA] was only 0.9% (0.01/1.1) in 2B.
Based on the fact that 2B has much less terminal tBA and much
higher Mw than 2A, it is likely that ethylene insertion after tBA
insertion is the rate-determining step15a,16 in the copolymeriza-
tion of ethylene and tBA and that this step is accelerated with
2b compared to 2a probably because of the transient
coordination of the apical methoxy group.15 Both methyl and
ethyl branches were observed in 2A and the total amount of
branches were 4.0 per 1000 carbons in the main chain. Whereas
in 2B, only methyl branch was observed, being only 0.5 per
1000 carbons in the main chain.
The amount of branch in 2B is notably less than the case

reported by Johnson et al.6,8c It is well-known that methyl-
branching occurs via (i) β-H elimination to form a terminal-
vinyl polymer species (a macromer), (ii) reinsertion of the
macromer in 2,1-fashion, and (iii) successive insertion of
monomers into the newly formed metal−polymer bond,17,18

and that further branching occurs via a similar mechanism.
Accordingly, significantly less branches in 2B would suggest the
following two possibilities in the copolymerization with 2b: (a)
less frequent β-H elimination than in the cases of Johnson et al.,
or (b) higher probability of 1,2-reinsertion than 2,1-reinsertion
after the formation of a macromer.
Analysis of the chain end structures for 2A and 2B (Table 4)

revealed that the number of saturated ends (6.8/1000C for 2A
and 0.1/1000C for 2B) is roughly equal to the sum of vinyl
groups, 1-propenyl groups, and terminal tBAs (6.3/1000C for
2A and 0.14/1000C for 2B). It suggests that one end of the
copolymer is a saturated ethyl group, meaning that the

initiation step of the copolymerization is the insertion of
ethylene into the Ni−H bond.19,20 It also suggests that the
termination is β-H elimination from the last inserted ethylene
or tBA.
The structure of terminal tBA in 2A (Figure 3) shows that

the insertion of terminal tBA is 2,1-fashion.3 In the case of vinyl

monomers bearing electron-withdrawing groups, 2,1-insertion
is generally favored with regard to the insertion into Pd-alkyl
bonds.8c Further, 2,1-insertion is favorable to avoid the steric
repulsion between the growing polymer chain and the ester
group in the comonomer.21 It is therefore reasonable to assume
that 2,1-insertion of tBA prevailed in the main chain.
To summarize, we discovered a novel nickel catalyst system

bearing a bidentate o-bis(aryl)phosphinophenolate ligand being
capable of copolymerizing ethylene with alkyl acrylates without
any activators. The resulting copolymers were highly linear and
alkyl acrylate comonomers were incorporated in the main
chain. Catalyst performance and the structure of the resulting
copolymers were greatly influenced by the structure of the aryl
groups in the ligand.
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