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ABSTRACT: Cation tuning is a simple yet powerful strategy to modulate the reactivity of polymerization catalysts but the design 
rules to achieve maximum cation effects are not well understood. In the present work, it was demonstrated that inserting a methylene 
spacer between a nickel phenoxyimine complex and an M-polyethylene glycol (PEG) (where M = Li+, Na+, K+, or Cs+) unit led up to 
>70-fold increase in ethylene polymerization activity and 6-fold higher polymer molecular weight relative to that of the first-genera-
tion catalysts. It is hypothesized that these effects are due to the exclusive formation of 1:1 over 2:1 nickel:alkali species and closer 
proximity of the M-PEG moiety to the nickel center. These results suggest that the successful creation of cation-responsive catalysts 
requires an understanding of the cation binding stoichiometry as well as the structural and electronic changes associated with its host-
guest interactions. 

 

INTRODUCTION 
Polyolefins are produced on enormous scales each year using 

coordination-insertion polymerization.1-3 Industrial processes 
typically rely on early transition metal catalysts that are ex-
tremely fast and thermally-robust. However, there is growing 
interest in studying late transition metal catalysts (e.g., Ni and 
Pd)4-8 for olefin polymerization because they can chain walk to 
give branched polymers starting from only ethylene and are 
compatible with certain polar monomers. Due to the signifi-
cantly lower cost of nickel relative to palladium, the develop-
ment of high-performance Ni catalysts is attractive for practical 
reasons.9,10 A few notable families of nickel catalysts include 
those supported by diimine,11,12 phenoxyimine,13,14 phenoxy-
phosphine,10 α-ketoimine,15,16 and pyridylimine17,18 ligands. 
Although some of these polymerization catalysts exhibit unique 
attributes, such as the ability to generate ultra-high molecular 
weight polymers with branches19 or incorporate monomers con-
taining protic groups20, none have yet been commercialized to 
the best of our knowledge. 
To endow polymerization catalysts with switchability, re-

searchers have utilized ligand platforms that respond to external 
stimuli, such as light, redox agents, or boranes.21-23 The use of 
inorganic cations to bolster olefin polymerization was first 
demonstrated by DuPont and Brookhart with a nickel alkoxy-
phosphine catalyst system (Cat1) (Chart 1A).24 Our laboratory 
expanded on this concept by showing that a conventional nickel 
phenoxyimine complex could be made cation-responsive by in-
stalling a short polyethylene glycol (PEG) chain ortho to the 
phenolate ring (Cat2).25,26 We observed that the catalyst activity 
and polymer products produced by Cat2 varied dramatically 
depending on the alkali ion used (e.g., Li+, Na+, or K+). Addi-
tionally, by exploiting the cation exchange equilibrium between 
a nickel catalyst (e.g., Cat3) and external cations in solution, 

dynamic polymerization was achieved in which chain growth in 
non-living reactions were controlled.27 Similar design strategies 
were used by others to expand the repertoire of cation-respon-
sive olefin polymerization catalysts,28 including a palladium ar-
yloxy N-heterocyclic carbene (Cat4),29 dinickel bis(phos-
phine)BINOL (Cat5) complexes,30 and others.31-33 
 
Chart 1. Examples of cation-responsive olefin polymerization cata-

lysts reported in the literature (A) and optimization of the cation bind-
ing pocket in this work (B).  
 
Among the Ni catalysts, nickel phenoxyphosphine com-

plexes (e.g., Cat3 and Cat5) are the most versatile due to their 



 

faster rates and better functional group tolerance but synthesiz-
ing and handling them can be challenging.10,34-37 In contrast, alt-
hough Cat2 is more synthetically accessible than Cat3/Cat5, it 
generally exhibits inferior performance. For example, catalysts 
derived from nickel phenoxyimine have not been reported to 
copolymerize ethylene with polar vinyl monomers38,39 whereas 
nickel phenoxyphosphines can copolymerize ethylene with a 
variety of functional olefins (e.g., alkyl acrylate and acryla-
mide).30,34-36 Because nickel phenoxyimine complexes are rela-
tively straightforward to synthesize, efforts to unlock new reac-
tivity using these platforms could make them more attractive as 
industrially-viable catalysts. 
To enhance the performance of the nickel phenoxyimine sys-

tems, we rely on an iterative design process (Chart 1B). We 
demonstrated previously that the PEG chain in our first-gener-
ation catalyst Ni1 (Scheme 1) is essential for stabilizing cation 
adducts, since the parent Ni0 with only an ortho methoxy group 
on the phenolate did not interact with M+.25 Herein, we show 
that inserting a methylene spacer between the phenolate ring 
and PEG group greatly increases the ethylene polymerization 
activity and polymer molecular weight of the corresponding 
Ni2-M species relative to that of Ni1-M (where M = Li+, Na+, 
K+, or Cs+). These results demonstrate that seemingly minor lig-
and modifications could lead to dramatic changes to the catalyst 
properties,40 which is an important lesson to carry forward in 
future catalyst design endeavors. 

RESULTS AND DISCUSSION 
Catalyst Design and Synthesis. Our first-generation catalyst 

Cat2 showed cation responsive reactivity but has a propensity 
to form both 1:1 and 2:1 nickel:alkali species in solution,25,26 
which would prevent single-site polymerization. To favor the 
exclusive formation of 1:1 nickel:alkali species, we drew inspi-
ration from the design of Cat3 (Chart 1A),41,42 which has a 
methylene group linking the phenolate and PEG. This structural 
feature was believed to be key to controlling the cation binding 
stoichiometry. 
 

Scheme 1. Synthetic route for the preparation of complex Ni2. Ar = 2, 
4, 6- tris(isopropyl)phenyl, Ar′ = 2,6-diisopropylaniline. 
 
Based on the above, we prepared a second-generation nickel 

phenoxyimine complex bearing a methylene extended PEG 
chain (Ni2, Scheme 1). Due to the commercial availability of 
one of the starting materials, this complex also bears a methyl 
group at the para position of the phenolate ring but this modifi-
cation is unlikely to have significant effects on the catalyst’s 
properties. The synthesis involves first monooxidation of 2,6-
bis(hydroxymethyl)-p-cresol using MnO2 to provide 1 in 73% 
yield, followed by treatment with sodium hydride, and alkyla-

tion with 2 to afford compound 3 in 32% yield. Imine conden-
sation was performed by combining 3 with 2,6-diisopropylani-
line and acetic acid, giving the desired ligand 4 as a yellow oil 
after purification by silica gel column chromatography (64% 
yield). Finally, deprotonation of 4 with sodium hydride and re-
action with NiBrPh(PPh3)2 furnished Ni2 as a yellow solid after 
recrystallization (86% yield). This complex was fully charac-
terized, including by NMR and IR spectroscopy and mass spec-
trometry. X-ray crystallographic analysis of single crystals of 
Ni2 grown from THF/pentane shows that the nickel center has 
the expected square planar geometry (Figure S35) with the phe-
noxyimine, phenyl, and triphenylphosphine ligands occupying 
its coordination sphere. 
 

 
Figure 1. Studying the binding of alkali ions to the nickel complexes 
by UV-vis absorption spectroscopy in Et2O (A). Representative exam-
ples showing the addition of NaBArF4 to Ni1 (B) and Ni2 (C). The full 
titration plot is shown on the left and the single wavelength data fits are 
shown on the right. The data were fit to either a 1:1 (turquoise line) or 
2:1 (red orange line) nickel:alkali equilibria using the program BindFit 
v5.0. XNa = the ratio of sodium/nickel. 
 
Metal Binding Studies by UV-vis Absorption Spectros-

copy. The nickel:alkali binding stoichiometries of the newly 
synthesized Ni2 were determined using UV-vis absorption 
spectroscopy (Figures 1).25,42 To perform these experiments, the 
nickel complex was dissolved in Et2O in a quartz cuvette and 
aliquots containing 0.1 equiv. of MBArF4 (where BArF4– = 
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate anion) relative 
to Ni were added (Figure S1). Although our polymerization re-
actions are carried out in toluene/Et2O (96:4) (vide infra), the 
use of 100% Et2O was necessary here to ensure that the MBArF4 
salts are completely dissolved in their concentrated stock solu-
tions. It is possible that the binding affinities are different in 
toluene/Et2O compared to in Et2O but the Ni:M+ stoichiometries 
are expected to be the same in both solvent mixtures. Under our 
titration conditions, the introduction of M+ to Ni2 resulted in 



 

gradual spectral changes with the appearance of distinct isos-
bestic points. For example, the addition of NaBArF4 to Ni2 led 
to absorption decreases at 340 and 420 nm concomitant with 
absorption increases at 370 nm (Figure 1C). Adding more than 
1.0 equiv. of NaBArF4 relative to Ni did not result in further 
changes. Next, the titration data were subjected to BindFit anal-
ysis to determine the Ni:M+ stoichiometry.43,44 Two different 
binding models were compared, based on the following equilib-
ria: 
 

Ni + M+ ⇌	NiM    Ka = [NiM]/[Ni][M+]   (Eq. 1) 
 

NiM + Ni ⇌	Ni2M    Kb = [Ni2M]/[NiM][Ni]   (Eq. 2) 
 
The 1:1 model includes only the formation of NiM species 

(Eq. 1 only) whereas the 2:1 model includes the formation of 
both NiM and Ni2M species (Eqs. 1 and 2). Although the titra-
tion data for Ni2+M+ at 420 nm could be fit satisfactorily to 
either the 1:1 or 2:1 models (Figures 1C and S2), the former is 
most likely due to the presence of isosbestic points and absorb-
ance changes beyond the addition of 0.5 equiv. of M+ (Scheme 
2B). Based on the association constants (Ka) derived from the 
1:1 fits, the affinity of Ni2 for the alkali ions follow the order 
Na+ > K+ > Cs+ ~ Li+ (Ka ranges from ~2000  to 33000, Table 
S1). 
 

Scheme 2. Proposed binding models for the addition of M+ to the nickel 
complexes Ni1 (A) and Ni2 (B). The (Ni1)2-M structure is putative. 
 
For comparison, we carried out similar titration studies using 

Ni1 in Et2O. Our results showed that combining Ni1 with 
MBArF4 led to clear spectral changes, indicating that the cations 
interact with the nickel complex. However, unlike in the exper-
iments above using Ni2, no distinct isosbestic points were ob-
served (Figures 1B and S3). The absorbance changed most sig-
nificantly with up to ~0.5 equiv. of Na+ addition relative to Ni 
and then the changes were more gradual, suggesting that more 
than one new species had formed. BindFit analysis of the ab-
sorption data at 415 nm shows that the 2:1 model is a better fit 
than the 1:1 model (Figure S4). Because some of the calculated 
association constants for the two chemical equilibria (Ka and Kb) 
had large standard deviations (>15%), there is low confidence 
in the numerical values (Table S2). However, these results are 
consistent with our reported work showing that both Ni1-M and 
(Ni1)2-M species were generated upon the addition of M+ to Ni1 
(Scheme 2A).25 

Metal Binding Studies by NMR Spectroscopy. To probe 
the nature of M+ binding to the nickel complexes further, we 
conducted studies using NMR spectroscopy. Samples contain-
ing either Ni1 or Ni2 were stirred in the presence of 0.5 or 1.5 
equiv. of M+ in Et2O for 30 min and then evaporated to dryness. 
The resulting products were then redissolved in toluene-d8/Et2O 
(2:1) for NMR spectroscopic analysis (Figure 2A). This solvent 
mixture was used to mimic the polymerization conditions as 
closely as possible while enabling complete dissolution of the 
MBArF4 salts.   
 

 
Figure 2. A) Studying the binding of alkali ions to the nickel com-
plexes by NMR spectroscopy in toluene-d8/Et2O (2:1). B) 31P NMR 
spectra showing the addition of NaBArF4 to Ni1 and Ni2. C) A com-
parison of the 31P chemical shifts of the nickel complexes upon addition 
of 0.5 or 1.5 equiv. of M+ relative to Ni. 
 
Our results provided additional insights into the nickel and 

nickel-alkali species. First, the 31P NMR peaks corresponding to 
the phosphine ligands in Ni1 (22.17 ppm, Figure 2B) and Ni2 
(26.31 ppm, Figure 2C) have similar chemical shifts, suggesting 
that the nickel complexes are electronically similar despite be-
ing ligated by phenolate donors with slightly different substitu-
ents. Second, the 31P chemical shifts appear to be more sensitive 
to the presence of M+ in Ni1 than Ni2. We observed that the 
addition of 1.5 equiv. of M+ to Ni1 gave a maximum ∆δ (δNi – 
δNi+M) of 3.48 ppm, compared to 0.37 ppm for Ni2 (Figure 2C). 
Given that the 31P NMR chemical shift scale typically range 
from -250 to 250 ppm,45,46 a <0.4 ppm shift is likely a negligible 
change. Although a possible interpretation of these results is 
that M+ does not bind to the phenolate oxygen in Ni2, crystallo-
graphic studies of a related nickel-P,O complex, which has an 
identical cation binding pocket, showed phenolate coordination 



 

to Li+, Na+, K+, and Cs+ in a 1:1 alkali-to-nickel ratio.27,42 We 
hypothesize that the insensitivity of the 31P NMR chemical shift 
to M+ binding in Ni2 is due to the presence of the methylene 
group between the phenolate and PEG, which minimizes the 
electronic effects of M+ experienced by the nickel center. More 
detailed investigations, however, are needed to fully understand 
these results. Third, the different chemical shifts of Ni1 samples 
containing different amounts of M+ suggest that more than one 
nickel:alkali species may be accessible (Figures S5-S6). For ex-
ample, when Ni1 was treated with 0.5 and 1.0 equiv. of Na+, the 
31P peaks appeared at 22.80 and 25.65 ppm, respectively (Fig-
ure 2B). Based on the 2:1 model proposed in Scheme 2, we have 
assigned these peaks to the presence of (Ni1)2-Na when 0.5 
equiv. of Na+ was added and Ni1-Na when 1.0 equiv. of Na+ 
was added. Similar results were obtained when Ni1 was com-
bined with Li+, K+, or Cs+ (Figures S5-S6).  
Lastly, the introduction of alkali salts to Ni1 afforded a phos-

phorus-containing product that features a resonance at 23.4 ppm 
(Figure S6). Although the identity of this species is unclear, it 
is likely not coordinated to nickel due to the sharpness of its 31P 
NMR signal and is not free PPh3 (-4.9 ppm) or OPPh3 (24.4 
ppm) based on the chemical shifts of the authentic compounds. 
No such phosphorus-containing byproducts were observed in 
samples containing Ni2 and M+. 
Taken together, our metal binding studies revealed that Ni2 

interacts with alkali ions in a more predictable manner than Ni1 
(i.e., the former likely produces 1:1 nickel:alkali species and do 
not generate unknown phosphorus-containing byproducts), 
which was expected to to have significant effects on its catalytic 
performance. 
DFT Calculations of Nickel-Alkali Structures. It is clear 

from the above that additional structural information is needed 
to fully understand the effects of M+ on Ni1 and Ni2. Unfortu-
nately, despite our best efforts, we were unable to grow single 
crystals of the nickel-alkali species for X-ray diffraction analy-
sis. As an alternative, we turned to density functional theory 
calculations to gain structural insights.47 Utilizing the ωB97X-
D functional and def2-SVP basis set, we calculated energy-min-
imized structures for the Ni1-M and Ni2-M series in the gas 
phase. Because the structure of Ni1-Na was crystallographically 
characterized in our previous work,25 it was used as a starting 
point for the calculations; however, we varied the alkali ion and 
phenoxyimine ligand as appropriate and then allowed full ge-
ometry optimization to proceed. In general, the computed 
nickel-alkali conformers exhibit pseudo square planar nickel 
centers ligated by the N,O-donor of the supporting ligand, tri-
phenylphosphine, and phenyl group. The alkali ions reside 
within the binding pocket defined by the PEG chain and pheno-
late donor. The four oxygen atoms in PEG are ligated to the 
alkali ions, except in Ni2-Li and Ni2-K, in which only three ox-
ygen atoms in PEG are ligated. A key difference between the 
Ni1-M vs. Ni2-M structures is that the presence of a methylene 
spacer in the latter enables the M-PEG unit to be positioned 
closer to the nickel center (Figure 3A). For example, the Ni–M 
atomic distance are shortened by 0.18, 0.02, 0.66, and 0.37 Å in 
Ni2–Li, Ni2–Na, Ni2–K, and Ni2–Cs relative to that in Ni1–Li, 
Ni1–Na, Ni1–K, and Ni1–Cs, respectively (Figure 3B). The 
closer proximity of the M-PEG moiety to Ni may also restrict 
the rotational freedom of the ancillary 2,6-diisopropylphenyl 
group and potentially lead to better axial shielding of the nickel 
center. 
 

 
Figure 3. Comparison of the DFT (ωB97X-D/def2-SVP) calculated 
structures between Ni1-M vs. Ni2-M showing differences in the posi-
tions of their M-PEG units relative to the nickel center (A). The calcu-
lated structures of Ni1-Na and Ni2-Na are shown as representative ex-
amples (atom colors: green = nickel, purple = sodium, orange = phos-
phorus, red = oxygen, blue = nitrogen, gray = carbon; hydrogen atoms 
were omitted for clarity). Select atomic distances (Å) for the various 
nickel-alkali complexes are provided in part B. 
 
 
Table 1. Ethylene Polymerization Dataa 
 

Entry Cat. M+ 
Act. 

(kg/mol Ni･h) 
Mn

b 

(kg/mol) Ðb Branch.c 
(/1000 C) 

1 Ni1 none 2 1.8 1.1 34 
2 Ni1 Li+ 4.6 3.2 1.3 67 
3 Ni1 Na+ 21.3 9.6 2.0 102 
4 Ni1 K+ 16.7 3.1 3.6 101 
5 Ni1 Cs+ 13.6 7.7 1.8 89 
6 Ni2 none 2 2.0 1.1 22 
7 Ni2 Li+ 332 18 2.0 67 
8 Ni2 Na+ 112 13 1.4 79 
9 Ni2 K+ 70 14 1.6 70 
10 Ni2 Cs+ 21 11 2.0 39 

aReaction conditions: Ni catalyst (24.0 µmol), MBArF4 (24 µmol, if any), 
Ni(COD)2 (2.0 equiv.), 50 mL toluene:Et2O (96:4), 200 psi ethylene (con-
stant feed), 25 °C, 1 h. The temperature was maintained within ±5 °C by 
external cooling using compressed air. bDetermined by GPC in trichloro-
benzene at 150 °C. cDetermined by high temperature NMR spectroscopy. 

Ethylene Polymerization Studies. Once we established the 
speciation and structures of the nickel-alkali species in solution, 
we evaluated their reactivity with ethylene. Our reactions were 
performed by combining a nickel catalyst (1.0 equiv.), MBArF4 
(1.0 equiv., if any), and the activator Ni(COD)2 (COD = 1,5-
cyclooctadiene) in 50 mL of toluene/Et2O (96:4) and then stir-
ring at 25 °C under 200 psi of ethylene (Table 1). In the absence 
of alkali salts, Ni1 (entry 1) and Ni2 (entry 6) exhibited identical 
activity (2 kg/mol Ni･h) and gave polymers with similar mo-
lecular weight (~2 kg/mol) and branching (≤ 34/1000 C). These 
results were expected given that the nickel centers in Ni1 and 



 

Ni2 have similar structural and electronic environments. As 
control, reactions conducted without the nickel catalyst or 
Ni(COD)2 did not yield any polymer products (Table S3).      
In the presence of alkali salts, both nickel complexes dis-

played enhanced catalytic performance (Table 1). For example, 
the addition of Li+ to Ni2 (entry 7) increased activity by 166×, 
polymer molecular weight by 9×, and polymer branching by 3× 
relative to that observed using only Ni2 (entry 6). Consistent 
with our previous studies,25,26 the extent of change in these cat-
alytic parameters are dependent on the cation used, demonstrat-
ing that our nickel catalysts are cation tunable. Most strikingly, 
polymerizations using Ni2+M+ were more efficient relative to 
those using the corresponding Ni1+M+. For example, the cata-
lyst activity increased 72×	(entry 7 vs. 2), 5×	(entry 8 vs. 3), 
4×	(entry 9 vs. 4), and 1.5×	(entry 10 vs. 5) for the Li+, Na+, K+, 
and Cs+ based reactions, respectively. We found that this trend 
also holds at different reaction times (0.5-2 h, Table S4), tem-
perature (25-75 °C, Table S5), and ethylene pressures (100-400 
psi, Table S6). It is notable that the cation effect is maintained 
at temperatures up to 75°C, giving higher catalyst activity, pol-
ymer MW, and polymer branching (Table S5) relative to that of 
the parent Ni2 without cations. These results clearly demon-
strate that the modified ligand of Ni2 is a better supporting plat-
form for generating highly active nickel-alkali species com-
pared to the parent ligand of Ni1. 
 

Figure 4. Comparison of the chain growth (A) and chain termination 
(B) rates observed for the various nickel and nickel-alkali catalysts in 
ethylene polymerization. Rate units: vgrowth = mol C2H4/mol Ni･h; vterm 
= mol polyethylene/mol Ni･h. 
 
To understand the cation effects on the polymerization pro-

cess, we compared the rates of chain growth (vgrowth, Figure S10) 
and chain termination (vterm, Figure S11) derived from the 
polymerization data. We observed that in all cases, vgrowth was 
larger for Ni2-M than Ni1-M (Figure 4A). The rates for Ni2-M 
follow the periodic trend Li+ > Na+ > K+ > Cs+ whereas the rates 
for Ni1-M do not. It has been shown that electron-poor catalysts 
tend to undergo chain propagation faster than their electron-rich 
counterparts due to having lower ethylene insertion barriers.48 
Because the alkali ions are closer to the nickel centers in Ni2-
M than in Ni1-M, the catalytic sites in the former likely experi-
ence greater electrostatic charge and electron induction. 
In terms of chain termination, only Ni2-Li and Ni2-Na exhib-

ited higher vterm than that of the corresponding Ni1-Li and Ni1-
Na, respectively (Figure 4B). Given that electron-poor catalysts 
favor β-hydride elimination49 but bulky catalysts disfavor poly-
mer chain displacement,50,51 competing effects may be opera-
tive. We propose that although Ni2-M is more electron-poor 
compared to Ni1-M, which increases vterm, the greater rigidity 
of its 2,6-diisopropylphenyl group decreases vterm by shielding 
the nickel axial sites more effectively. Based on the vgrowth/vterm 

ratios, it appears that the significantly enhanced chain growth 
relative to chain termination rates in Ni2-M are responsible for 
its higher polymer molecular weight and lower branching den-
sity compared to that in Ni1-M.  

CONCLUSIONS 
We have developed a second-generation nickel phenoxyimine 
catalyst Ni2 that forms stable adducts with alkali ions and ex-
hibits cation tunable reactivity. Unlike the first-generation cat-
alyst, Ni2 bears a PEG moiety that is attached to the phenolate 
ring via a methylene unit. This seemingly minor change led to 
significant improvements in its properties, including the ability 
to form 1:1 nickel:alkali species in solution and the positioning 
of the pendant cation closer to the active site. Our studies sug-
gest that these factors may be responsible for the superior per-
formance of Ni2-M relative to that of Ni1-M in ethylene 
polymerization, giving higher catalyst activity and higher poly-
mer molecular weight. Presumably, the closer proximity of the 
alkali ion to nickel in Ni2-M increases the electrostatic charge 
and electron induction experienced by the Ni center. However, 
further studies are needed to quantify the contributions of the 
various effects. This work has provided a better understanding 
of the design criteria for creating cation-responsive olefin 
polymerization catalysts. In particular, to achieve maximum 
cation effects, the binding pocket must enable formation of dis-
crete 1:1 nickel:alkali species and the resulting adduct must 
adopt a conformation that allows effective steric shielding and 
electronic communication with the active site. 

EXPERIMENTAL SECTION 
General Procedures. Commercial reagents were used as re-

ceived. The Li+, Na+, K+, and Cs+ BArF4– salts were synthesized 
according to literature procedures.52,53 Compounds 2 and Ni1 
were prepared as described previously.41 All air and moisture 
sensitive manipulations were performed using standard Schlenk 
techniques or under a nitrogen atmosphere using a glovebox. 
Anhydrous solvents were obtained from an Innovative Technol-
ogy solvent drying system saturated with argon. High-resolu-
tion mass spectra were obtained from the mass spectral facility 
at the University of Texas at Austin. IR data were obtained us-
ing a ThermoNicolet Avator 360 FT-IR instrument. NMR spec-
tra were acquired using JEOL spectrometers (ECA-400, 500, 
and 600) and referenced using residual solvent peaks. All 13C 
NMR spectra were proton decoupled. 31P NMR spectra were 
referenced to phosphoric acid. For polymer characterization, 1H 
NMR spectroscopy: each NMR sample contained ∼15 mg of 
polymer in 0.6 mL of 1,1,2,2-tetrachloroethane-d2 (TCE-d2) and 
was recorded on a 600 MHz spectrometer using standard acqui-
sition parameters at 120 °C. 13C NMR spectroscopy: each NMR 
sample contained ∼50 mg of polymer in 0.6 mL of TCE-d2 and 
was recorded at 120 °C (151 MHz). The samples were acquired 
using a 90° pulse of 11.7 μs, a relaxation delay of 4 s, an acqui-
sition time of 0.81 s, and inverse gated decoupling. The samples 
were preheated for 20 min prior to data acquisition. The poly-
mer 13C NMR spectra were assigned based on the chemical shift 
values reported in the literature.54 Gel permeation chromatog-
raphy (GPC) data were obtained using a Malvern high temper-
ature GPC instrument equipped with refractive index, viscome-
ter, and light scattering detectors at 150 °C with 1,2,4-trichloro-
benzene (stabilized with 125 ppm BHT) as the mobile phase. 
The GPC instrument was calibrated using narrow polystyrene 
standards with universal calibration. All polymer molecular 
weights reported are based on the triple detection method. 



 

Synthesis and Characterization 
Complex Ni2. Inside the glovebox, the deprotonated salt of 

4 (70 mg, 0.14 mmol, 1.0 equiv.) and NiBr(Ph)(PPh3)2  (104 mg, 
0.14 mmol, 1.0 equiv.) were combined in 15 mL of THF. The 
mixture was stirred at room temperature for 4 h. The resulting 
red solution was filtered through celite in a pipet plug and then 
dried under vacuum to give a dark red oil. The crude material 
was dried and recrystallized in THF and pentane to yield yellow 
crystals (0.11 g, 94%). 1H NMR (benzene-d6, 400 MHz): δ 1.09 
(d, 6H), 1.11 (d, 6H), 2.14 (s, 3H), 3.12 (s, 3H), 3.30 (m, 4H), 
3.47 (m, 8H), 3.70 (s, 2H), 4.1 (m, 2H), 6.31 (m, 3H), 6.75 (s, 
1H), 6.86-6.94 (m, 9H), 6.96-6.99 (m, 3H), 7.00-7.04 (m, 3H), 
7.63 (m, 7H), 7.95 (d, 1H). 13C NMR (benzene-d6, 101 MHz): 
δ 20.60, 22.88 (s, 2C), 25.86 (s, 2C), 29.08 (s, 2C), 58.71, 68.20, 
70.34, 70.75, 70.92, 71.08, 71.10, 72.39, 118.14, 121.54, 
122.91 (s, 2C), 125.41, 126.19, 127.94, 128.17 (s, 2C), 128.50, 
128.80, 128.87 (s, 2C), 129.93, 129.95, 131.59, 131.69, 131.84, 
132.27, 133.59, 134.11 (s, 2C), 134.30, 134.64, 134.74 (s, 2C), 
137.97, 138.00, 138.03, 138.09, 140.82 (s, 2C), 147.09, 147.58, 
150.51, 161.68, 166.33. 31P NMR (benzene-d6, 162 MHz): δ 
26.43 ppm. FT-IR: (νCONi), 1547(νCN) cm-1. HRMS-ESI(+): 
Calc. for C52H60NNiO5P [M+Na]+ = 890.3455, found = 
890.3456. 
Metal Binding Studies (UV-vis Absorption Spectros-

copy). Stock solutions of Ni1, Ni2, and MBArF4 (M = Li+, Na+, 
K+, Cs+) were prepared inside a nitrogen-filled glovebox. A 500 
μM stock solution of Ni complexes was obtained by dissolving 
25 μmol of a Ni complex in 50 mL of Et2O. A 10 mL aliquot of 
this 500 μM solution was diluted to 50 mL using a volumetric 
flask to give a final concentration of 100 μM. The 3.0 mM stock 
solution of MBArF4 was obtained by dissolving 30 μmol of 
MBArF4 in 10 mL of Et2O using a volumetric flask. A 3.0 mL 
solution of Ni complexes was transferred to a 1.0 cm quartz cu-
vette and then sealed with a septum screw cap. The cuvette was 
placed inside a UV-Vis spectrophotometer and the spectrum of 
the Ni solution was recorded. Aliquots containing 0.1 equiv. of 
MBArF4 (10 μL), relative to the nickel complex, were added and 
the solution was allowed to reach equilibrium before the spectra 
were measured (15 min). The titration experiments were 
stopped after the addition of up to 1.0 equiv. of MBArF4. 
Metal Binding Studies (NMR Spectroscopy). The elec-

tronic effects of the secondary metals upon binding to Ni2 and 
Ni1 were studied via 1H and 31P NMR spectroscopy. To prepare 
each sample, 5 μmol of Ni2 or Ni1 and 7.5 μmol (1.5 equiv. 
relative to Ni) of MBArF4 were dissolved in 5 mL of dry Et2O 
and stirred for 30 min. The bright orange solution was evapo-
rated to dryness to obtain an orange-red solid. This complex was 
dissolved in 0.6 mL of a stock solution of dry toluene-d8/Et2O 
(2:1 v/v), transferred to an NMR tube, and then analyzed by 1H 
and 31P NMR spectroscopy. NMR samples containing only 
MBArF4 in the same solvent mixture were also analyzed as a 
control to measure the shift in the 1H NMR peaks corresponding 
to the BArF4–  anion. Additionally, samples containing Ni and 
varying equiv. of NaBArF4 (0.5 and 1.0 equiv. relative to Ni) 
were also tested to probe the differences in Ni and M+ binding 
between different catalysts.  
Computational Methods. Density functional theory (DFT) 

calculations were carried out using Gaussian 16 Revision 
C.01.55 Optimizations and frequency calculations were com-
puted with the ωB97X-D functional and the def2-SVP basis set. 
Given the size of these complexes, this combination provided a 
balance of computational cost and insight. All calculations were 

carried out in the gas-phase. All stationary points were con-
firmed minima by the absence of any imaginary normal-mode 
frequencies (i.e., negative eigenvalues). 
Polymerization Studies. Inside the glovebox, the nickel cat-

alyst (24 µmol) and 1 equiv. of MBArF4 (M = Li+,  Na+, K+, or 
Cs+) were dissolved in 6 mL of toluene/diethyl ether (2:1 v:v) 
in a 20 mL vial and stirred for 10 min. Solid Ni(COD)2 (2.0 
equiv.) was added and stirred until a homogenous solution was 
obtained (~5 min). The mixture was loaded into a 10 mL gas-
tight Hamilton syringe equipped with an 8-inch stainless steel 
needle. The loaded syringe was sealed by closing the syringe 
valve and a piece of rubber septum was attached to the tip of the 
needle to prevent exposure to air outside of the glovebox. To 
prepare the polymerization reactor, 44 mL of dry toluene was 
placed in an empty autoclave. The autoclave was pressurized 
with ethylene, and then the reactor pressure was reduced to 5 
psi. This process was repeated 3 times to remove trace amounts 
of air inside the reaction vessel. The catalyst solution was then 
brought outside of the glovebox and then injected into the auto-
clave through a side arm. The reactor pressure was increased to 
the desired pressure, and the contents were stirred vigorously 
during polymerization. To stop the polymerization, the auto-
clave was vented and MeOH (200 mL) was added to precipitate 
the polymer and treated with 1 mL of concentrated HCl (37%). 
The polymer was collected by vacuum filtration, rinsed with 
MeOH, and dried under vacuum overnight. The reported yields 
are average values obtained from duplicate or triplicate runs. 
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