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ABSTRACT: In this study, we synthesized and characterized two nickel complexes featuring conformationally rigid bisphosphine 
mono-oxide ligands, where one has o-methoxyphenyl (Ni2) and the other has o-(2-methoxyethoxy)phenyl (Ni3) substituents on the 
P=O moiety. We performed metal binding studies using Ni3 and found that its reaction with Li+ and Na+ most likely produced 1:1 
and 1:1/2:1 nickel-to-alkali species in solution, respectively. The nickel complexes were competent catalysts for ethylene 
homopolymerization and copolymerization, with activities up to ~3.8×103 and 8.1×101 kg/mol･h, respectively. In reactions of 
ethylene with methyl acrylate (1.0 M), the addition of Li+ to Ni3 led to greater than 5.4× enhancement in catalyst activity and 1.9× 
increase in polar monomer incorporation in comparison to that by Ni3 alone under optimized conditions. A comparison with other 
nickel catalysts reported for ethylene and methyl acrylate copolymerization revealed that our nickel-alkali catalysts are competitive 
with some of the most efficient Ni-based systems developed thus far. 

Functional polyolefins are an important class of synthetic 
materials with broad applications in everyday life.1 Although 
various methods are available to synthesize functional 
polyolefins,2 the coordination-insertion of ethylene and polar 
olefins is one of the most attractive because it is economical and 
allows microstructure control of the polymer product.3-10 To 
overcome the tendency of nucleophilic monomers to inhibit 
metal catalysts, which is commonly referred to as the “polar 
monomer problem,” researchers have focused on developing 
late transition metal catalysts that are less prone to deactivation 
by Lewis basic donors compared to their early transition metal 
counterparts.11 Currently, a diverse array of nickel and 
palladium complexes have been shown to promote olefin 
polymerization. Among these, nickel complexes comprising 
P,O-donors (e.g., Shell Higher Olefin Process (SHOP)-,12,13 
Drent-,14 or bisphosphine mono-oxide (BMPO)-type15,16 
complexes; Chart 1A) have stood out due to the lower cost of 
Ni compared to Pd and their ability to achieve at least moderate 
polar monomer incorporation (>1 mol% in many cases). The 
unique reactivity of these Ni(P,O-donor) complexes has been 
attributed to their electronic asymmetry,17 which helps promote 
olefin insertion into chelated metal intermediates during chain 
propagation. While these advances are significant, catalysts that 
can produce copolymers with high molecular weight (e.g., >105 
g/mol) and polar content (e.g., >10 mol%) and at commercially 
viable rates are still elusive. 

Toward the goal of creating the next generation of high-
performance olefin polymerization catalysts, we are exploring 
new strategies to increasing their catalytic rates while 
simultaneously gaining greater reaction control. Prior to our 
work, there were early demonstrations that Lewis acid additives 
could have beneficial effects on olefin polymerization.18,19 Our 
laboratory was the first to show that olefin polymerization 
catalysts could be made cation-tunable by attaching 
polyethylene glycol (PEG) chains to the ligand framework.20,21  
When paired with select secondary metal ions, these PEGylated 
complexes formed discrete heterometallic complexes that 
exhibited distinct reactivity from that of their parent 
monometallic complexes. In most cases, the cation-promoted 
catalysts showed improved polymerization activity and gave 
polymers with higher molecular weight and branching. To 

assess whether our cation-tuning strategy could be applied to 
enhance catalysts capable of copolymerizing ethylene and 
methyl acrylate (MA), we focused our efforts on the palladium 
phosphine phosphonate ester complex Pd1 developed by 
Jordan and coworkers (Chart 1B).22 To make Pd1 cation-
tunable, we introduced two PEG chains to the phosphonate 
moiety, which afforded Pd2.23 Our metal binding studies 
indicated that Pd2 coordinated with alkali salts to form 1:1 
palladium:alkali species (Pd2-M, where M = Li+, Na+, or K+). 
We observed that the Pd2-M catalysts displayed higher activity 
in comparison to that of Pd2 in ethylene and MA 
copolymerization but their rates were relatively modest (<9×
101 kg/mol ･ h). Because Ni can exhibit greater olefin 
polymerization activity than Pd in some cases,  we next 
prepared a nickel variant Ni0 using the same phosphine 
phosphonate-PEG ligand.24 Although Ni0 formed adducts with 
secondary metals in solution, we have crystallographic 
characterization of Ni0-Na showing that the sodium ion is not 
bridged by the P=O unit of the ligand. Unfortunately, this 
dangling sodium did not have significant impact on the catalyst 
because it is too far away to interact with the nickel center. 

 
Chart 1. A) Literature examples of nickel olefin polymerization 
catalysts containing P,O-donors. B) Design evolution of cation-tunable 
nickel(P,O-donor) catalysts developed in the Do laboratory. 



 

To improve our catalyst design, we reasoned that 
rigidifying the P=O group in Ni0 by replacing the PEG chains 
with chelating phenyl substituents would help enforce a short 
nickel-alkali distance (e.g., Ni3-M in Chart 1). By comparing 
the reactivity of catalysts with varying degrees of 
conformational flexibility and secondary metal binding affinity, 
we would be able to gain insights into the structure-function 
relationships in this family of Ni(P,O-donor) catalysts. Herein, 
we report on the results of our rigidified Ni complexes in 
catalyzing olefin polymerization and discuss how their 
performance compare to that of other commonly studied Ni 
catalysts. 

Synthesis of Nickel Complexes. The standard catalyst Ni1 
was prepared according to our previously published 
procedures.24 To rigidify the P=O side of the nickel complex, 
we synthesized two new ligand derivatives 6a (R = methoxy) 
and 6b (R = 2-methoxyethoxy) (Scheme 1). Starting from o-
alkoxybromobenzene, Mg turnings were added to generate the 
corresponding Grignard reagent, which was then combined 
with diethyl phosphite to give 2a/2b. Oxidation of this 
precursor using H2O2 under basic conditions afforded 3a/3b as 
a white solid. This compound was then combined with thionyl 
chloride to provide the phosphinic chloride 4a/4b. To assemble 
the full ligand, compound 5 was treated with n-butyllithium and 
then reacted with 4a/4b to furnish the desired P,O-ligands. 
Although this last step was low yielding (≤ 45%), the previous 
steps were relatively efficient (> 60% yield). Finally, to obtain 
the nickel complexes Ni2 and Ni3, their corresponding P,O-
ligands were stirred in the presence of [Ni(allyl)Cl]2 and 
AgSbF6 for several hours and the desired complexes were 
isolated as yellow solids in 85 and 75% yield, respectively. The 

nickel complexes were fully characterized by NMR 
spectroscopy and elemental analysis. 

Characterization of Nickel Complexes. Single crystals of 
Ni2 and Ni3 were grown by slow diffusion of pentane into a 
solution of the complexes in CH2Cl2. Analysis by X-ray 
diffraction revealed that both nickel centers are ligated by a 
P,O-donor and an allyl anion, giving the molecular formulas 
[Ni(6a)(ƞ3-allyl)]SbF6 for Ni2 and [Ni(6b)(ƞ3-allyl)]SbF6 for 
Ni3 (Figure 1A). Both Ni2 and Ni3 adopt pseudo square planar 
geometries, similar to that in Ni1. To determine the steric 
effects of having different ancillary groups, we compared the 
structural parameters between Ni1,24 Ni2, and Ni3 (Table 1). 
Although their Ni–P, Ni–O, and Ni–C′ bond distances varied 
slightly from one another (average = ~2.19, 1.90, and 1.98 Å, 
respectively), they differed at most up to ~0.03 Å. However, the 
three nickel complexes displayed clear differences in their 
geometric distortions. For example, the P′–O–Ni–P torsion 
angles of 6.69, 12.88, and 38.91°  for Ni1, Ni2, and Ni3, 
respectively, indicate increasing deviation from a planar nickel 
chelate as defined by the P,O-ligand. Their C–P–Ni–O torsion 
angles are also noticeably different, at 34.96, 27.02, and  
47.66° for Ni1, Ni2, and Ni3, respectively. 

Using the crystallographic data above, we calculated the 
percent buried volume (%Vbur) of the nickel complexes, which 
provide a quantitative measure of the steric bulk of the P,O-
donor within a 3.5 Å radius around the nickel coordination 
sphere. Our results showed that the %Vbur of the nickel 

 

Scheme 1. Synthetic procedures for the preparation of Ni1, Ni2, and 

Ni3. 2-ME = 2-methoxyethoxy (OCH2CH2OCH3).  

 

 

Figure 1. A) Molecular structures of Ni2 and Ni3 characterized by 

single crystal X-ray crystallography. The structures are shown in 

ORTEP view with displacement ellipsoids drawn at 50% probability. 

Hydrogen atoms and the SbF6
– have been omitted for clarity. B) 

Topographical steric maps of Ni1, Ni2, and Ni3 derived from their 

crystallographic data using SambVca 2.1. Only the P,O-ligands were 

considered in the calculation of %Vbur. The nickel atom was set as the 

center of the coordination sphere, the nickel square plane defined the 

xz-plane, and the z-axis bisects the P−Ni−O angle. 



 

complexes are quite similar, with values of 51.9, 54.1, and 
52.4% for Ni1, Ni2, and Ni3, respectively (Figure 1B). 
However, because we were unable to obtain crystallographic 
characterization of the corresponding nickel-alkali complexes 
(vide infra), it is unclear how secondary metal binding to the 
nickel complexes impacts their steric profiles.  

To study the solution structure of the nickel complexes, we 
recorded their 1H NMR spectra in CDCl3 at RT. As shown in 
Figure 2, Ni1 displayed sharp NMR peaks between 1-8 ppm. 
The central allyl hydrogen atom (Ha) appeared as a multiplet at 
5.67 ppm. Surprisingly, both Ni2 and Ni3 gave NMR spectra 
with broad signals. For example, although the Ha peaks for Ni2 
and Ni3 were observed at ~5.4 ppm, they appeared as single 
broad resonances. Increasing the solution temperature up to 80 
°C did not lead to peak sharpening. These NMR data suggest 
that while bond rotation in Ni1 is fast on the NMR timescale, it 
is significantly slower in Ni2 and Ni3. We hypothesize that this 
difference is due to rigidification of the nickel structure by the 
presence of the P=O phenyl groups in the latter complexes. We 
will show in our polymerization studies below that these 
structural features strongly influence their catalytic behavior. 

Next, the electrochemical properties of the nickel 
complexes were measured using cyclic voltammetry (Figure 
S42). We observed that in THF, Ni1, Ni2, and Ni3 showed 
irreversible reduction waves at -2.28, -2.49, and -2.54 V (vs. 
ferrocene/ferrocenium), respectively. As control, the P,O-
ligands themselves were found to be redox inactive. The 
reduction peaks in the nickel complexes were tentatively 
assigned to metal-centered reduction of Ni(II) to Ni(I).25-27 

These results suggest that Ni1 is the most electron deficient in 
the series and Ni2 and Ni3 are similar electronically.   

Metal Binding Studies. In previous work, we 
demonstrated that Ni1 interacts weakly with secondary metals, 
most likely via coordination by the P=O moiety.24 Because Ni3 
is predicted to have greater affinity for external cations than Ni2 
(i.e., 2-methoxyethoxy is a stronger metal chelator than 
methoxy), we focused our metal binding studies on the former. 
To conduct these experiments, we prepared CDCl3 solutions 
containing mixtures of Ni3 and MBArF

4 (where M = Na+ or Li+, 
BArF

4
– = tetrakis(3,5-trifluoromethylphenyl)borate) in different 

ratios with a total concentration of 6 mM. When the samples 
were measured by 1H NMR spectroscopy, we observed that the 
presence of increasing amounts of alkali ions relative to nickel 
led to an upfield shift of the Ha resonance in Ni3 (Figures S1-
S2). A Job Pot of the NMR data revealed a peak maximum at 
XNi = 0.5 and 0.4 for Ni3/Li+ and Ni3/Na+, respectively (where 
XNi

 = [Ni3]/([Ni3]+[M+]). These results suggest that the optimal 
nickel:alkali stoichiometry is 1:1 for Ni3/Li+ but not for 
Ni3/Na+.28  A possible limitation of these metal binding studies 
is that they must be performed in chloroform, not the 
polymerization solvent dichloromethane/toluene (2:48), due to 
the low solubility of the alkali salts in non-coordinating 
solvents. 

To investigate further the host-guest interactions of Ni3 
with alkali ions, we carried out metal titration studies using 1H 
NMR spectroscopy. As expected, addition of up to ~5 equiv. of 
MBArF

4 to a CDCl3 solution containing Ni3 (20 µM) resulted 
in an upfield shift of the Ha signal. The titration data were 
subjected to global fit analysis using the program BindFit.29-31 
Three different binding models were evaluated, including 1:1 
(Eq. 1), 2:1 (Eqs. 1 and 2), and 1:2 (Eqs. 1 and 3) nickel and 
alkali reactions.  

Table 1. Comparison of Structural Parametersa 

 
Metric Ni1 Ni2 Ni3 

Ni–P (Å) 2.198 2.204 2.184 

Ni–O (Å) 1.915 1.881 1.906 

Ni–C′(Å) 2.002 1.984 1.969 

O–Ni–P (Å) 97.27 97.63 91.13 

C–P–Ni–O (°) 34.96 27.02 47.66 

P′–O–Ni–P (°) 6.69 12.88 38.91 
aCrystallographic data for Ni1 were reported previously. A simplified 

depiction of the nickel center is shown above using orange letters to indicate 
the atoms of interest.  

 

 

Figure 2. Stacked 1H NMR spectra (CDCl3, 500 MHz) of the nickel 
complexes at RT. 
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Figure 3. A) Reaction of MBArF3 (M = Li+ or Na+) with Ni3. 
Possible structures for the 1:1 and 2:1 nickel: alkali species are 
shown but have not yet been confirmed. B) Job plot analysis of metal 
binding studies using Ni3/Li+ and Ni3/Na+ gave peak maxima at XNi 
= 0.5 and 0.4, respectively. C) Bindfit global analysis of metal 
titration data yielded satisfactory fits using a 1:1 model for Ni3/Li+ 
and 2:1 model for Ni3/Na+, respectively.  

 



 

 

Table 2. Ethylene Hompolymerization Studiesa 

 

Entry Catalyst 
(μmol) Salt C2H4 

(psi) 
Polymer 
Yield (g) 

Activity 
(kg/mol∙h) 

Branches 
(/1000 C)b 

M
n
 

(×103)c 
Ðc Polymers/ 

Catalyst 

1 Ni1 (1.0) none 200 0.643 643 4 0.5 2.6 129 
2 Ni1 (1.0) Li+ 200 0.744 744 7 1.6 1.3 47 
3d Ni2 (5.0) none 200 19.2 3840 15 10.2 1.6 188 
4d Ni2 (5.0) Na+ 200 27.2 5440 14 12.6 1.5 216 
5d Ni2 (2.0) None 200 5.17 2588 4 19.3 1.2 27 
6 Ni2 (1.0) None 200 0.753 753 4 47.0 1.2 2 
7 Ni2 (0.5) None 200 0.217 434 4 26.1 1.2 1 
8 Ni2 (1.0) Li+ 200 0.768 768 4 22.3 1.2 3 
9 Ni2 (1.0) Na+ 200 0.885 885 4 21.7 1.2 4 
10 Ni2 (1.0) None 300 1.12 1120 5 26.9 1.2 4 
11 Ni2 (1.0) Na+ 300 1.16 1160 4 27.6 1.2 4 
12 Ni2 (1.0) None 400 1.21 1210 2 28.1 1.2 4 
13 Ni3 (1.0) None 200 3.81 3810 5 6.6 1.2 58 
14 Ni3 (1.0) Li+ 200 8.81 8810 5 8.4 1.2 105 
15 Ni3 (1.0) Na+ 200 8.43 8430 7 8.1 1.2 104 
16 Ni3 (1.0) K+ 200 5.48 5480 7 7.4 1.2 74 
17 Ni3 (1.0) Cs+ 200 4.96 4960 7 7.9 1.2 63 

aPolymerization conditions: Ni catalyst (varied), ethylene (varied), B(C6F5)3 (2.0 equiv.), MBArF4 (1.1 equiv., if any), 2 mL of DCM, 48 mL of 
toluene, 1 h at 80 °C. The activity provided is the average of at least duplicate runs. bThe total number of branches per 1000 carbons was 
determined by 1H NMR spectroscopy. cThe Mn and Ð values were determined by GPC in 1,2,4-trichlorobenzene at 160 °C. dThe reaction was 
highly exothermic, causing the solution temperature to increase above 80 °C. 

The equilibrium expressions are given below: 
 

[Ni3]+ + M+ ⇌ [(Ni3)(M)]2+        (1) 
 

[(Ni3)(M)]2+ + [Ni3]+ ⇌ [(Ni3)2(M)]3+        (2) 
 

[(Ni3)(M)]2+ + M+ ⇌ [(Ni3)(M)2]3+        (3) 
 
For both Ni3/Li+ (Figure S5) and Ni3/Na+ (Figure S6), the 1:1 
and 2:1 models gave satisfactory fits. The 1:2 models were ruled 
out due to the >100% error associated with the binding 
constants derived from the fits.  

Taking into consideration results from both the Job Plot 
and BindFit analyses, we propose that the reaction of Ni3 with 
Li+ most likely produced [(Ni3)(Li)]2+ with a binding constant 
of 3.6 M-1 (Figure 3C, top). In contrast, the reaction of Ni3 with 
Na+ most likely produced both [(Ni3)(Na)]2+ and [(Ni3)2(Na)]3+ 
species in solution, with binding constants of 51.7 and 996.0 M–

1 (Figure 3C, bottom). Although attempts to grow single crystals 
of the purported [(Ni3)(M)]2+ and [(Ni3)2(M)]3+ species for X-
ray crystallographic analysis have not yet been successful, some 
possible structures are shown in Figure 3A. For the [(Ni3)(M)]2+ 
species, we favor binding of M+ by only one 2-methoxyethoxy 
arm because chelation by both may be too strained. For the 
[(Ni3)2(M)]3+ species, we propose a structure in which two 
nickel complexes are bridged by a single M+ ion. A similar 
trinuclear species was reported by our group for the nickel 
phenoxyimine-PEG complexes.20 Regardless of their molecular 
structures, our polymerization results below indicate that the 

nickel-alkali species display distinct reactivity in comparison to 
that of their parent mononickel complexes. 

Ethylene Homopolymerization. To test the catalytic 
activity of the nickel complexes, we evaluated their ability to 
polymerize ethylene under various reaction conditions. All 
reactions were performed in 50 mL of CH2Cl2/toluene (2:48) by 
combining the nickel complex with 2 equiv. of the B(C6F5)3 
activator under 200 psi of ethylene at 80 °C. Although the 
nickel complexes can self-initiate in the absence of a cocatalyst 
at 100 °C with high Ni loading (Table S7, entry 2 vs. 3), we 
found that the addition of boranes significantly improved their 
polymerization efficiency. This strategy has also been used 
successfully by others to activate structurally similar nickel ƞ3-
allyl species for olefin polymerization.32,33 We hypothesize that 
the borane promotes conversion of the coordinated allyl ligand 
from ƞ3 to ƞ1, which favors subsequent olefin binding and 
insertion. Our NMR studies indicate that catalyst activation 
using B(C6F5)3 occurs only at elevated temperatures. For 
example, at room temperature, combining Ni3 with B(C6F5)3 
led to only slight broadening of the 1H NMR spectra of the 
nickel complex and nearly no change in the 11B resonance of 
the borane  (Figure S58). These results suggest that B(C6F5)3 
does not interact strongly with the Ni3 PEG chain, if at all. 
When the solution temperature was increased to 50 °C, the 1H 
NMR spectrum showed numerous new peaks, which we were 
unable to assign. In the absence of olefin monomers, the 
activated nickel species is not likely to be chemically stable.    

 



 

Table 3. Ethylene and Methyl Acrylate Copolymerization Studiesa 

 

Entry Catalyst Salt 
(equiv.) 

MA 
(M) 

Copolymer 
Yield (mg) 

Activity 
(kg/mol·h) 

M
n
 

(×
103)b 

Ðb Inc. 
(mol%)c 

MA per 
Chaind 

MA 
 In-Chain (%) 

1 Ni1 none 0.1 312 15.6 0.6 6.5 0.29 0.06 64 
2 Ni2 none 0.1 438 21.9 6.3 2.1 0.30 0.67 90 
3 Ni3 none 0.1 566 28.3 5.2 1.8 0.36 0.66 86 
4 Ni1 Li (1.1) 0.1 490 24.0 1.1 1.5 0.32 0.12 68 
5 Ni2 Li (1.1) 0.1 725 36.0 9.4 1.6 0.39 1.30 88 
6 Ni3 Li (1.1) 0.1 1630 81.0 6.2 1.9 0.52 1.14 72 
7 - Li (1.1) 0.5 0 0 - - - - - 
8 Ni3 none 0.5 219 10.9 4.2 1.4 1.00 1.47 91 
9e Ni3 none 0.5 360 18.0 2.9 1.4 1.30 1.31 91 
10f Ni3 none 0.5 30 1.5 2.8 2.1 0.96 0.94 - 
11 Ni3 Li (1.1) 0.5 408 20.3 3.1 1.7 1.30 1.40 88 
12 Ni3 Li (5.0) 0.5 147 7.3 3.7 1.9 1.30 1.67 - 
13 Ni3 none 1.0 36 1.8 2.2 1.4 2.40 1.80 99 
14 Ni3 Li (1.1) 1.0 196 9.8 2.5 1.5 4.50 3.68 99 
15 Ni3 Na (1.1) 1.0 142 7.1 2.9 1.1 8.10 7.18 - 

aPolymerization conditions: Ni catalyst (10 μmol), ethylene (400 psi), B(C6F5)3 (2.0 equiv.), MBArF4 (1.1 equiv., if any), 2 mL of DCM, 48 
mL of toluene, 2 h at 80 °C. The activity provided is the average of at least duplicate runs. bThe Mn and Ð values were determined by GPC 
in 1,2,4-trichlorobenzene at 160 °C.  cThe methyl acrylate incorporation was determined using 1H NMR spectroscopy. dSee the supporting 
information for the MA per chain calculation. eA total of 10.0 equiv. of B(C6F5)3 was used. fNo B(C6F5)3 was used.

In our polymerization studies, we found that when 5.0 
µmol of Ni2 was used, the reaction was highly exothermic and 
caused the reaction mixture to increase in temperature from 80 
to 120 °C (Table 2, entry 3).The semicrystalline polyethylene 
(PE) obtained was characterized and determined to have low 
branching (~15/1000 carbons) and low molecular weight (Mn = 
10.2 kg/mol), which is typical for this family of catalysts.22 The 
presence of alkenyl peaks in the polymer NMR spectra indicate 
that polymerization terminates via chain transfer.5 To minimize 
temperature fluctuations during polymerizations, different 
catalyst amounts were screened from 0.5 to 2.0 µmol (entries 5-
7). Because reactions using 1.0 µmol of Ni2 did not increase the 
reactor temperature and gave the most consistent results, all 
subsequent studies were performed using this catalyst loading. 
Varying the ethylene pressure from 200 to 400 psi led to almost 
proportional increase in catalyst activity (entries 6, 10, and 12), 
suggesting that the reaction may be first order in monomer. 
Under optimized conditions (Table 2), the nickel catalysts 
showed the activity trend Ni1 (entry 1) < Ni2  (entry 6) < N3 
(entry 13). Catalyst Ni2 (7.5×102 kg/mol･h) and Ni3 (3.8×103 
kg/mol･h) were about 1.2× and 5.9× more active than Ni1 
(6.4×102 kg/mol･h), respectively. Interestingly, the PE obtained 
from Ni2 (47.0 kg/mol) and Ni3 (6.6 kg/mol) were also higher 
in molecular weight than that obtained from Ni1 (0.5 kg/mol). 
The PEs produced were all highly linear (≤ 15 branches/ 1000 
carbons). Given that the three nickel complexes have similar 
steric encumbrance, these results suggest that differences in 
their reactivity may be attributed at least in part to differences 
in their conformational flexibility. Perhaps the more rigid 
complexes Ni2 and Ni3 can better maintain their structural 
integrity during catalysis and are less prone to catalyst 
deactivation than Ni1. In fact, time studies showed that Ni1 has 

highest polymerization activity at 0.5 h and decreased by 
~0.66× after 1.5 h (Table S6). In contrast, Ni3 exhibited highest 
activity at 1.0 h and decreased by only ~0.27× after 1.5 h. The 
observation that Ni3 (entry 6) was significantly more active 
than Ni2 (entry 13) suggests that steric bulk (%Vbur = 54.1 and 
52.4, respectively) is not strongly correlated with catalyst 
activity.  The benefits of having rigid catalyst structures on 
polymerization performance has been documented in other 
studies, such as those showing that catalysts with five- and six-
membered chelate rings were significantly more active than 
those with seven-membered ones.34,35 Presumably, catalysts 
with greater structural flexibility are susceptible to side 
reactions or decomposition. 

Next, we explored whether our nickel complexes could be 
tuned using external cations. For these experiments, the 
catalysts were screened under our standard ethylene 
polymerization conditions with the addition of 1.1 equiv. of 
MBArF

4 (Table 2). In all cases, we observed that reactions 
containing alkali salts produced higher yields of PE in 
comparison to those without additives. For example, the 
addition of Li+ to Ni1 (entry 2), Ni2 (entry 8), and Ni3 (entry 
14) led to a 1.16× , 1.02× , and 2.31×  enhancement in 
polymerization rates, respectively. The activity increase for Ni1 
and Ni2 is modest most likely because their interactions with 
the alkali ions are weak, which may lead to dissociation of the 
coordinated M+ ion during polymerization. In contrast, the Ni3 
catalyst that was designed to bind secondary metals with higher 
affinity, has a more significant response to M+. Interestingly, 
although the introduction of Li+, Na+, K+, and Cs+ to Ni3 led to 
varying degrees of activity enhancement (entries 14-17), the 
PEs generated have similar molecular weights (Mn = 6.6-8.4 
kg/mol). These results suggest that the alkali ions increase the 



 

rates of chain growth (vgrowth
 ) and chain transfer (vtransfer) by 

approximately the same magnitude (vgrowth/vtransfer = ~300).36 
Although nearly all catalyst gave polymers with narrow 
molecular weight distributions (Ð <2), they are non-living as 
indicated by their ability to produce multiple polymers per 
metal.    

Because our mononickel complexes are cationic with 
SbF6

– counterions, we next investigated whether the addition of 
salts with different anions have any effects on polymerization. 
We found that ethylene polymerizations using [Ni3]SbF6 with 
NaBArF4, NaB(C6F5)3, or NaSbF6 salts under the same reaction 
conditions gave yields of 1.44, 1,42, and 1.28 g (Table S8), 
respectively, which suggest that there is a slight but not 
dramatic effect of mixing non-coordinating anions on 
polymerization. 

The cation boosting effects observed in this work appear to 
be a general phenomenon since it also occurs using other olefin 
polymerization catalysts.18,37 We showed in previous studies 
that cation binding can increase a catalyst’s steric bulk as well 
as electrophilicity.38 Due to differences in their chemical nature, 
secondary metals can alter a catalyst’s structural and electronic 
characteristics to different extents, which makes this tuning 
strategy extremely powerful. Our ethylene homopolymerization 
results for Ni1, Ni2, and Ni3 (Table 2) clearly showed that 
increasing catalyst rigidity and introducing secondary metals 

are effective strategies to enhance the polymerization 
performance of this family of Ni(P,O-donor) catalysts. 

 
Ethylene and Methyl Acrylate Copolymerization. After 

establishing their baseline reactivity with ethylene, the nickel 
catalysts were next tested for their ability to copolymerize 
ethylene with methyl acrylate (MA). Initially, we combined the 
nickel complex, B(C6F5)3, and MA in a reaction vial prior to 
injecting the mixture into an autoclave and pressurizing with 
ethylene. However, we observed that this procedure produced 
significant amounts of poly(methyl acrylate) (PMA). When the 
reaction was carried out without ethylene, only trace amounts 
of PMA were obtained. It should be noted that the amount of 
excess B(C6F5)3 (10 µmol) used in copolymerization is far 
lower than that of MA present (≥ 5000 µmol) so any borane 
interactions with the monomer are minimal. To avoid 
generating PMA, we modified our protocol so that the nickel 
complex and B(C6F5)3 were first dissolved in CH2Cl2/toluene 

and then the mixture was injected into a CH2Cl2/toluene 
solution containing methyl acrylate and ethylene (pre-
saturated). The autoclave pressure was increased to 400 psi of 
ethylene and the reaction was stirred at 80 ℃ for 2 h. In the 
presence of 0.1 M methyl acrylate (Table 3), all three nickel 
catalysts furnished semicrystalline polymers with activities of 
1.56×101 (entry 1), 2.19×101 (entry 2), and 2.83×101 kg/mol･h 
(entry 3) for Ni1, Ni2, and Ni3, respectively. The polymer 
products were washed with acetone/methanol and no PMA was 
found in any of the washings. Characterization of the purified 
materials by NMR spectroscopy revealed distinct peaks 
corresponding to incorporated MA units,14,22 suggesting that the 
product is the desired ethylene/MA copolymer. Their NMR 
spectra indicated that their MA units are predominantly in-chain 
(64-99%, Figure 4), which means that ethylene can insert into 
the nickelacycle generated from a previous MA insertion step 
(i.e., MA insertion does not necessarily lead to chain 
termination). In terms of MA incorporation efficiency, the 
catalysts showed the trend Ni1< Ni2 < Ni3, with MA 
incorporations of 0.29, 0.30, and 0.36 mol%, respectively. 
However, taking into account the polymer MW and MA 
incorporation percentage, all three polymers were calculated to 
have on average <1.0 MA per chain. 

Interestingly, adding 1.1 equiv. of Li+ to the nickel 
catalysts led to noticeable improvements in copolymerization 
efficiency. For example, combining Ni3/LiBArF

4 with ethylene 
and MA gave catalyst activity of 8.10×101 kg/mol･h (Table 3, 
entry 6), which is 2.9× higher than that observed for reactions 
lacking Li+ (entry 3). We found that the copolymers obtained 
from Ni1/Li+ (entry 4), Ni2/Li+ (entry 5), and Ni3/Li+ (entry 6) 
contained about 1.1×, 1.3×, and 1.4× greater amounts of 
MA, respectively, than those produced from their parent 
mononickel catalysts. When the concentration of MA was 
increased, the catalyst activity decreased but the MA 
incorporation percentage was generally higher. Using 1.0 M 
concentration of MA (entry 14), Ni3/Li+ afforded copolymers 
with 4.5 mol% of the polar olefin, which is approximately 3.7 
MA units per chain. Although Ni3/Na+ produced copolymers 
with slightly higher MA content (8.1 mol%, entry 15) than 
Ni3/Li+, its activity was lower so no further studies were 
pursued using Na+. The greater increase in catalyst activity 
using Li+  compared to Na+ has been attributed to the greater 
Lewis acidity of the former relative to the latter.38 

As a control, reactions using just LiBArF
4 and B(C6F5)3 

without Ni catalyst and in the presence of ethylene/MA did not 
generate any polymers (Table 3, entry 7). These results suggest 
that the copolymers obtained were likely formed via 
coordination-insertion5 rather than cationic polymerization 
mechanisms.39 Finally, adding 5.0 equiv. of LiBArF

4 to the 
nickel catalyst led to a drop in activity (e.g., entry 11 vs. 12). 
Since the optimal Ni3 to Li+ stoichiometry was determined to 
be 1:1, perhaps the presence of excess Li+ causes formation of 
other multinuclear species that are not catalytically active. It is 
noteworthy that in all polymerization reactions using Ni1, Ni2, 
or Ni3 with MBArF

4, the polymer dispersity values are narrow 
(Ð ≤ 2.0), which is indicative of single site catalysis. 

  Comparison with Other Ni Catalysts. To assess the 
overall performance of different nickel catalysts reported in the 
literature, it is useful to compare three key metrics: catalyst 
activity, polymer molecular weight, and MA per chain. We 
analyzed the ethylene and MA copolymerization data from 
recent studies and selected the most promising examples from 
each work (Table S9). Because it is useful to compare catalysts 

 

Figure 4. Representation examples of the 1H NMR spectra (C2D2Cl4, 
500 MHz, 120 °C) obtained for ethylene/MA copolymers in this 
study. The polymerization conditions are given in Table 3, entries 8 
(A, top) and 4 (B, bottom).  

 



 

under their optimal conditions, some of these reactions may 
differ in temperature, pressure, or monomer concentration. To 
visualize the data, we created a color-coded plot showing 
log(MA per chain) vs. log(Mn) observed for the different 
complexes (Figure 5). The color of each dot (red, yellow, or 
green) indicates the relative activity of that catalyst. The nickel 
complexes chosen are supported by different bidentate ligands, 

including keto-phosphine (A40), aryloxyphosphine (B,41 C,42 
J43), imino-pyridine (D44), keto-imine (E45), bisphosphine 
mono-oxide (F,46 G,47 H48), and diimine (I49) donors. The plot 
in Figure 5 revealed several interesting trends. First, it appears 
that some catalysts exhibit markedly different behaviors than 
that of their structurally similar variants while others are 
similar. For example, within the Ni aryloxyphosphine family, 
complex B gave copolymers with low molecular weight (0.9 
kg/mol) and low MA per chain (0.55) whereas complex J gave 
copolymers with moderate molecular weight (34 kg/mol) and 
high MA per chain (~50). In contrast, catalysts F, G, and H in 
the Ni bisphosphine mono-oxide family all produced 
copolymers with similar characteristics (Mn = 3.0-4.3 kg/mol, 
MA per chain = 4-9). Second, although the Ni catalysts all 
successfully catalyzed ethylene and MA copolymerization, they 

typically showed low activity (<5 kg/mol･h) with the exception 
of J (86 kg/ kg/mol･h). The reduced reactivity of metal catalysts 
in the presence of functional olefins is attributed to σ -
coordination of the polar group to the active catalyst or back-
chelation by an inserted polar monomer.50 Third, the symmetric 
catalyst I appears to perform just as well, if not better, than most 
of the asymmetric catalysts. Thus, it is unclear if asymmetric 
catalysts have any intrinsic advantages over symmetric ones in 
terms of their ability to copolymerize polar monomers.17 While 
these literature examples indicate that further development is 
needed to obtain commercially viable catalysts, some 
breakthrough examples such as complex J suggest that the “
polar monomer problem” can be overcome. In fact, a recent 
report of a dinickel SHOP-type catalyst for ethylene and tert-
butyl acrylate copolymerization (activity = 82 kg/ kg/mol･h; Mn 
= 9 kg/mol; tert-butyl acrylate per chain = 29)51 lends credence 
to this optimistic outlook. 

In comparison to other nickel catalysts reported in the 
literature, mononuclear Ni3 showed reactivity in line with many 
other Ni(P,O-donor) complexes (Figure 5). Interestingly, the 
addition of Li+ to Ni3 led to clear improvements in reaction 
efficiency and MA per chain without diminishing polymer 
molecular weight. The activity of Ni3/Li+ in ethylene and MA 
copolymerization exceeded the 5 kg/mol･h limit typical of most 
Ni catalysts. The performance of Ni3/Li+ is similar to that of our 
first-generation palladium-PEG catalyst with Li+ (Pd2-Li, 
Chart 1).23 However, because palladium is a precious metal 
whereas nickel is not, these results are promising from a 
sustainability standpoint.  

 

In summary, to study the effects of ligand rigidification on 
our nickel(P,O-donor) complexes, we developed two new 
variants Ni2 and Ni3 containing o-methoxyphenyl and o-(2-
methoxyethoxy)phenyl substituents, respectively. For 
comparison, the parent complex Ni1 featuring ethoxy groups 
attached to the P=O moiety were also synthesized. Using the 
crystallographic data from the Ni complexes, we calculated the 
%Vbur of their P,O-donors and determined that all three ligands 
in Ni1-Ni3 have similar steric volumes (~51-54%). However, 
we found that both Ni2 and Ni3 gave NMR spectra with broad 
peaks in CDCl3, suggesting that the complexes are 
conformationally restricted in solution. In contrast, the NMR 
peaks corresponding to Ni1 are sharp, which indicates that the 
complex has fast bond rotation on the NMR timescale. On the 
basis of our metal binding studies, we propose that Ni3 forms 
1:1 adducts with Li+ ([(Ni3)(Li)]2+), whereas it forms 1:1 
([(Ni3)(Na)]2+) and 2:1 ([(Ni3)2(Na)]3+) adducts with Na+. In 
ethylene homopolymerization studies, we showed that Ni2 and 
Ni3 were both more active and produced polymers with higher 
molecular weight than Ni1. Presumably, the greater structural 
rigidity in the former enhanced their catalyst lifetimes relative 
to that of the latter. Consistent with our previous results, 
introducing alkali ions to the nickel complexes increased their 
catalyst efficiency and MA incorporation. Complex Ni3, which 
features the strongest secondary metal chelator within the nickel 
series, gave the most dramatic response to M+. Relative to other 
Ni catalysts reported for ethylene and MA copolymerization, 
Ni3/Li+ performed average in terms of polymer MW and MA 
per chain but above average in catalyst activity. Given that there 
are still many ways to optimize our nickel complexes, including 

 

Figure 5. Comparison of various nickel catalysts reported in the 
literature for ethylene and methyl acrylate copolymerization. The 
plot shows the polymer Mn, MA per chain, and activity of the 
different catalysts. The data for complexes A, B, C, D, E, F, G, H, 
and I are given in Table S9. These examples were selected because 
they represented some of the highest MA incorporations achieved in 
the different studies.  

 



 

by covalent ligand modifications and cation-tuning, we are 
optimistic that future breakthroughs in Ni(O,P-donor) catalyst 
designs are possible.  
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An iterative design approach was used to construct 
conformationally rigid nickel catalysts for ethylene and methyl 
acrylate copolymerization. These complexes exhibited greater 
catalytic activity and gave copolymers with higher molecular 
weight and polar monomer incorporation than earlier 
generations. The addition of alkali ions was also shown to have 
beneficial effects on polymerization. 


