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ABSTRACT: The copolymerization of ethylene with polar
monomers presents a significant challenge. While palladium
catalysts have shown promise, nickel catalysts are more economical
but suffer from poor activity. Previous studies suggest that the
isomerization step involved in the nickel-catalyzed polymerization
may influence the catalyst activities. Herein, we explore the
isomerization mechanisms of two phosphine-phenoxide-ligated
catalysts using density functional theory (DFT) studies. We
found that out of dissociative, tetrahedral, and associative
mechanisms, the associative mechanism is the likeliest, with a
pendant methoxy oxygen atom from the ligand to fulfill the fifth
coordination site on nickel before Berry pseudorotation. The effect
of varying auxiliary ligands on the activation barrier heights was also investigated and found that electron-releasing alkyl groups on
substituted pyridine ligands have diminished electronic influence on pseudorotational barriers, but if present at the ortho-positions,
will elevate the barriers due to larger steric influences. The electron-withdrawing groups on the ligand result in weaker ligand binding
and lower pseudorotational barriers. These insights into the mechanisms of cis-trans isomerization and auxiliary ligand effects may
offer valuable guidance for optimizing catalyst performance in copolymerization processes by lowering the barrier of isomerization by
fine-tuning the steric and electronic influences of auxiliary ligands and enhancing overall copolymerization efficiency.

■ INTRODUCTION
The invention of polymers has greatly revolutionized our life,
as polymers find a wide range of applications in modern life. Of
the different types of polymers, the incorporation of polar
groups can enhance desirable polymer properties such as
solubility, adhesion, wettability, and biocompatibility. Poly-
ethylene (PE) is a widely used plastic in a range of industries
and accounted for 34% of the entire plastic market in 2017.1

Industrial polymerization of ethylene with nonpolar monomers
using transition metal catalysts is well-known.2 However, the
copolymerization of ethylene with polar monomers on an
industrial scale is much underdeveloped.2−4 This longstanding
challenge results from the issue known as the “polar monomer
problem”,3,5 which occurs when the Lewis basic polar group
coordinates to the transition metal center, forming stable
chelates and thus poisoning and rendering the catalyst
ineffective. As such, there is a dire need for breakthroughs in
catalyst development for the copolymerization of polar
monomers with ethylene.
The pioneering work in the field of polar monomer

copolymerization came when Brookhart and coworkers in
1995 reported the use of α-diimine palladium and nickel
catalysts (Brookhart catalysts, I, Scheme 1) to incorporate
polar methyl acrylate and fluorinated octyl acrylate into

polyethylenes.6 Further advancement in the field came in
2000, when Grubbs and coworkers reported the use of neutral
salicylaldimine nickel catalysts (II, Scheme 1) for the insertion
of polar-substituted norbornenes into polyethylene.7 Based on
this work, additional reports capitalizing on this type of nickel
catalyst for the insertion of other specialized polar monomers
into ethylene have appeared in the literature.8−11 However,
these neutral nickel catalysts have not been applied successfully
to copolymerize fundamental polar monomers (where func-
tional group substitution occurs at the C�C bond directly).4

Shortly after the report of Grubbs, Drent and coworkers in
2002 showed that palladium catalysts with phosphine-sulfonate
bidentate ligands (Drent catalyst, III, Scheme 1) can efficiently
facilitate ethylene-alkyl acrylate copolymerization.12 Based on
the Drent systems, a series of cationic Pd catalysts have been
proposed (IV−IX, Scheme 1)13−18 and shown to be able to
catalyze the copolymerization of either specialized or
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fundamental polar monomers with ethylene. Of these, the Pd
catalysts, with suitable ligand tuning, from Chen and coworkers
in 2015 can catalyze ethylene and polar monomer (methyl
acrylate, butyl vinyl ether, and allyl acetate) copolymerization
with moderate activities (0.5−14 kg·mol−1·h−1) at tunable
comonomer incorporation (0.4−33 mol %), forming moderate
copolymer molecular weights (Mn: 2,300−32,000). The
corresponding nickel catalysts, however, can only copolymerize
ethylene with polar functionalized monomers such as methyl
10-undecenoate, 6-chloro-1-hexene, and 5-acetoxy-1-pen-
tene.19

While the palladium-catalyzed copolymerization of olefins
with polar monomers has made significant progress, as
discussed previously, researchers have increasingly focused
on the corresponding transformations using nickel catalysts,
which are cheaper and more abundant in nature than
palladium catalysts. In 2017, Shimizu and coworkers reported
the success of nickel complexes bearing o-bis(aryl)-phosphi-
nophenolate ligands (X, Scheme 1) in achieving efficient
ethylene copolymerization with fundamental polar monomers,
including various acrylates.20 Again in 2017, Cai and coworkers
reported the use of nickel catalysts bearing anilinonaphtho-
quinone ligands (XI, Scheme 1) for the copolymerization of
ethylene and specialized polar monomers such as allyl
acetate.21 In 2019, Chen and coworkers reported a series of
imine/phosphine-oxide derived nickel catalysts (XII).22

However, these catalysts can only copolymerize ethylene
with specialized polar monomers such as 6-chloro-1-hexene
but not with fundamental polar monomers, whose use either
quenched the polymerization or led to polyethylene with no
comonomer insertion.
One of the shortcomings of Ni-based catalysts for polymer-

ization is that they generally suffer from poor activity.7,20,23−25

To overcome this issue, the SHOP (Shell Higher Olefin
Process)-type [P,O]-Ni catalysts incorporate bulky, electron-
rich phosphine substituents to achieve high polymerization
activity. These, however, still suffer from poor polar monomer

incorporation.20,26 In 2021, Agapie and coworkers discovered
that by tuning the steric bulk of the [P,O]-ligand from the “O”-
side, instead of from the “P”-side as in the SHOP-type Ni
catalysts, the modified ligand can function smoothly to prevent
bulky polar groups’ inhibitory coordination, while still allowing
for the coordination of the smaller olefin group for
polymerization to occur.27,28 Satisfying these steric demands,
two such Ni-based catalysts have been proposed (XIII and
XIV, Scheme 1) for the copolymerization of ethylene and a
fundamental polar acrylate comonomer (Scheme 2ii). Catalyst
XIII (POP-Ni-py) can achieve an activity of up to 661 kg·
mol−1·h−1 and polar comonomer (acrylate) insertion of 2.1−
8.7 mol%, forming high copolymer molecular weights of Mn
31,100−55,100. On the other hand, catalyst XIV (PONap-Ni-
py) can achieve an activity of up to 637 kg·mol−1·h−1 and polar
comonomer (acrylate) insertion of 0.7−2.3 mol%, forming
moderate copolymer molecular weights of Mn 7,600−16,500.
Of the key steps for the ethylene and acrylate copolymeriza-

tion, it was found that a crucial cis-trans isomerization occurs at
initiation and each step after a monomer has been
incorporated (Scheme 2ii). Due to the asymmetric nature of
the Ni-ligand complexes XIII and XIV, two geometric isomers
with elongating chains either cis or trans to the P atom can be
formed. Computational studies have found that the more
stable isomer has a higher barrier for C−C bond formation via
migratory insertion in the chain elongation process, whereas
the less stable isomer has a lower barrier, making the process of
isomerization from the more stable to the less stable species a
prerequisite before migratory insertion.27 This phenomenon
has also been observed in Pd-catalyzed polymerization
processes utilizing different ligands.29−33 The mechanism for
this cis-trans isomerization is thus important for understanding
the performance of the catalysts. The importance of main
ligands and the auxiliary ligands (ligand L in Schemes 1 and 2)
in tuning the efficiency and reactivities of the polyolefin
catalysts has been well demonstrated, wherein ligand tunings
are often needed to optimize catalyst performance.13−18,20,22 In

Scheme 1. Palladium and Nickel-Based Catalysts for the Copolymerization of Ethylene with Polar Monomers
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this article, we apply computational tools to study the
mechanisms underlying the cis-trans isomerization (Scheme

2iii) for the Agapie catalysts (XIII and XIV) and determine
how the auxiliary ligands influence the activation barriers for
the isomerization process (Scheme 2iv). Understanding the
detailed mechanism for this step allows experimentalists to
fine-tune the catalyst designs so as to minimize the energetic
penalties involved for this step, allowing the main C−C
coupling to occur more efficiently, thus enhancing the catalyst
activity and performance.

■ RESULTS AND DISCUSSION
Gibbs Energy Profile for Monomer Insertion. The

Gibbs energy profile for the first monomer insertion step
catalyzed by catalyst XIII for the reaction in Scheme 2ii is
shown in Figure 1. For this work, all geometry optimizations
were done in SMD34 implicit solvation model with
chlorobenzene as the solvent with M0635/def2-SVP36,37 level
of theory. Single-point energy corrections were further
performed with the SMD(chlorobenzene)-M06/def2-TZVP37

level of theory. Unless otherwise stated, the Gibbs energies
reported were evaluated at the SMD(chlorobenzene)-M06/
def2-TZVP//SMD(chlorobenzene)-M06/def2-SVP level of
theory (see the Supporting Information for details on the
computational methods). Despite the complex A(XIII)L1
being more thermodynamically stable than species B(XIII)L1
by 4.2 kcal/mol, the monomer insertion transition states (TSs)
from complex A(XIII)L1, ts1-et for ethylene insertion and ts1-
ac for acrylate insertion, have much higher barriers than the
corresponding monomer insertion from the less stable complex
B(XIII)L1, via TSs ts1′-et and ts1′-ac, by 12.2 and 8.3 kcal/
mol, respectively (Figure 1). It is therefore important to study
the reaction mechanism for the isomerization step between
complexes A(XIII)L1 and B(XIII)L1, as this step is essential
to convert the thermodynamically more stable but less reactive
species A(XIII)L1 to the less stable but more reactive species
B(XIII)L1 before the monomer insertion step occurs. We have
shown in our previous work27 that this is similarly observed for
the second monomer insertion step. For these Agapie catalysts,
the growing polymer chain cis to the P atom (structure A,
Scheme 2iii) is more thermodynamically stable than the
geometric isomer with the chain trans to the P atom (structure
B, Scheme 2iii). Structure A, however, subsequently has a
much higher C−C bond formation barrier than structure B for
the polymer elongation step.27,33 Therefore, structure A will
isomerize to form B before further polymer enchainment. Note
that this isomerization will be repeated each time after C−C
bond formation (Scheme 2ii). Thus, the barrier of the
isomerization step affects the overall polymerization of the
catalyst performance. In Figure 1, if the isomerization step is
higher than polymerization, then it is important to lower this
step so that it does not become overall rate limiting. Therefore,
by studying the mechanism of isomerization and aiming to
lower the activation barrier for this step using suitable
coligands, we aim to increase the efficiency of the catalyst
performance in the polymerization process.

Mechanism of cis-trans Isomerization. Catalyst XIII. As
shown in Scheme 2iii, three mechanistic possibilities exist for
the cis-trans isomerization between the geometric isomers of
the Ni complexes with a growing polymer chain. In the
dissociative mechanism (Scheme 2iii,a), the auxiliary ligand L
dissociates, giving a vacant coordination site on the Ni center.
The growing polymer chain then moves from its original
coordinating site to its adjacent newly vacated coordination
site. This is then followed by the coordination of the ligand L

Scheme 2. (i) Reaction Conditions for the
Copolymerization of Ethylene and Acrylate Using Catalysts
XIII and XIV. (ii) Schematic Representations of the
Propagation/Monomer Enchainment Step of Olefin
Comonomer Copolymerization. (iii) Plausible Mechanisms
for the cis-ttrans Isomerization Between the Geometric
Isomeric Forms of Ni Complexes: (a) Dissociative
Mechanism; (b) Via a Tetrahedral Transition State (TS) or
Intermediate; (c) Associative Mechanism. (iv) Auxiliary
Ligands (L1 to L5) Used for the Investigation of Their
Effects on the Isomerization Barriers for the Agapie
Catalysts XIII and XIV in this Study
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to the site previously occupied by the growing polymer chain.
In the second mechanism (Scheme 2iii,b), the square planar
structure A will twist and go through an isomerization
transition state (TS) that is tetrahedral in nature. Lastly, in
an associative mechanism (Scheme 2iii,c), a fifth ligand may
coordinate to the Ni center, giving a penta-coordinate species.
This can then undergo a Berry pseudorotation to isomerize the
catalyst from one geometric isomer to the other, before finally
releasing one ligand to revert to the square planar geometric
isomer species.
In the first investigation of the isomerization process, Agapie

catalyst XIII and pyridine ligand were used (L=L1=pyridine,
Scheme 2iv). We denote this structure as A(XIII)L1, where
structure A in Scheme 2iii with catalyst XIII was used

(equivalently, catalyst XIII in Scheme 1 has the Me group
replaced by the −CH2SiMe3 group). We first tried to estimate
the barrier to pyridine dissociation by doing a relaxed PES scan
along the elongated Ni−N(pyridine) bond. The SMD-
(chlorobenzene)-M06/def2-SVP relaxed potential energy sur-
face (PES) scan is given in Figure S2. We see that the loss of
the pyridine ligand is unfavorable. As the Ni−N(pyridine)
bond length increases, the energy of the system increases. This
increase continues until about 27 kcal/mol when the Ni−
N(pyridine) bond is 3.36 Å, after which the energy drops. This
scan suggests that the barrier for pyridine ligand dissociation is
about 27 kcal/mol. Upon further increasing the Ni−
N(pyridine) bond distance, the energy increases again,
suggesting that the removal of the ligand is unfavorable, as

Figure 1. Gibbs energy profile for the first monomer insertion steps leading from each isomeric form A(XIII)L1 and B(XIII)L1, calculated at the
SMD(chlorobenzene)-M06/def2-TZVP//SMD(chlorobenzene)-M06/def2-SVP level of theory. See Figure S1 for the DFT-optimized structures of
the transition states. Note the importance of the isomerization step, as the barrier determines if this step is higher or lower than the polymerization
step.

Figure 2. DFT-optimized transition state (TS) structures for the different mechanisms for the isomerization of A(XIII)L1 to B(XIII)L1:
dissociative, TS_3coord_XIII; tetrahedral, TS_tet_XIII; associative, TS_5coord_XIII. All Gibbs energies are taken relative to the most stable
form of A(XIII)L1. See Figure S3 for other TS conformers.
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the Ni−N(pyridine) enthalpic interaction is lost upon ligand
dissociation. This loss of pyridine is uphill and reversible,
corroborated by the observation that starting from the initial
guess structure of a long Ni−N(pyridine) bond (arbitrarily
large at 3.70 Å by manually increasing this distance in the
corresponding structure A(XIII)L1, while maintaining the
square plane of the Ni center), this optimized back to structure
A(XIII)L1. The optimization of structure 4 from the PES scan
(Figure S2) gives optimized structure A1a, in which the Ni−
N(pyridine) interaction is lost (Figure S3). This species is 22.4
kcal/mol above A(XIII)L1, indicating that the loss of Ni−
N(pyridine) coordination is highly unfavorable. Using the
structure at the highest point of this PES scan as the initial
guess to locate the TS for ligand dissociation yielded no
positive results. The TS structure for the isomerization of the
three-coordinate system after losing ligand L (TS_3coord,
Scheme 2iii), however, was successfully located. This TS has a
barrier of 34.4 kcal/mol (Figure 2). Note that this result is very
close (within 1 kcal/mol) to the reported value for this system
(33.8 kcal/mol) computed at the SMD(chlorobenzene)-M06/
def2-TZVP//M06/def2-SVP level of theory using geometry
optimizations in the gas phase.27

In the associative mechanism (Scheme 2iii,c), we first
consider if an external ethylene molecule could serve as the
fifth ligand by binding to the Ni center. The direct
optimization using ethylene coordinated to the Ni center as
an initial guess structure did not yield a stable 5-coordinate
species. This species A-et, with ethylene unbound (Figure S3),
is 6.5 kcal/mol uphill with respect to the most stable form of
complex A(XIII)L1. This is due to the unfavorable entropic
effect associated with bringing in an additional ethylene
molecule to the inner coordination shell of the Ni metal, while
this loss of entropy cannot be compensated by any enthalpic
favorability, as no Ni−ethylene interaction is formed. The
absence of a stable penta-coordinate Ni species with bound
ethylene suggests that the coordination of ethylene to form 5-
coordinate species is unlikely. A similar observation was made
computationally when a chlorobenzene solvent molecule was
used as the candidate coordinating ligand. We found that in
the TS structure, the O atom of the methoxy group on the
ligand can serve as the fifth ligand in coordinating the Ni
center. Two TS conformers for the pseudorotational barriers
(TS_5coord_XIII in Figure 2 and TS_5coord_XIII-c2 in
Figure S3) were found and verified by quick reaction
coordinate (QRC)38 to be the true TS structures for the
isomerization of one catalyst form (A(XIII)L1) to its
geometric isomer (B(XIII)L1). The lowest energy conformer
TS_5coord_XIII has a relatively shorter Ni−OMe bond
distance (2.09 Å, Wiberg bond index 0.2054, Figure 2) that is
comparable to the Ni−O(Ph) bond distance (2.02 Å, Wiberg
bond index 0.3373), suggesting that the coordination of the
methoxy oxygen atom to the Ni center acts as a fifth ligand.
This TS has a barrier of 28.2 kcal/mol, which is lower than
both the barriers via the three-coordinate TS (TS_3coord_-
XIII at 34.4 kcal/mol, Figure 2) and the tetrahedral TS
(TS_tet_XIII at 32.1 kcal/mol, Figure 2). This penta-
coordinate TS with an intramolecular pendant oxygen atom
as the fifth coordinating ligand benefits both entropically, as no
external molecule is brought into the coordination sphere of
Ni, and enthalpically, as a favorable Ni−O bonding interaction
is formed.
We further analyzed the frontier molecular orbitals (FMOs)

of the competing TSs (Figure S4). We hypothesize that the

higher barrier for TS_3coord_XIII may be due to the breaking
of d-σ orbital interactions as one chain sweeps from one
coordination site to the other. For TS_tet_XIII, there is a twist
of geometry in order to go from one isomer to the other,
resulting in the change of orbital phases in the Ni(d)−C(σ)
orbital and Ni(d)−N(lone pair) orbital interactions, which is
unfavorable. For the orbitals involved in the pseudorotational
barrier via TS_5coord_XIII, the orbital interactions are very
much preserved as isomerization occurs, thus giving it a much
lower activation barrier.
This associative mechanism is therefore the likeliest: the

isomerization of catalyst complex A(XIII)L1 to its isomeric
form B(XIII)L1 occurs via an associative mechanism with a
proximal OMe group serving as a f if th coordinating ligand to the
Ni center before a Berry pseudorotation isomerizes the
complexes. The other possibility of losing P-coordination to
O-coordination by the methoxy group (thus losing the P,O-
chelating framework) was considered and found to be unlikely
(structure A1c at 30.2 kcal/mol above A(XIII)L1, Figure S3).
This is perhaps expected as the loss of stronger Ni−P
coordination was replaced by the weaker Ni−O (methoxy)
interaction, and the 8-membered Ni-ring bound by the POP
ligand in a bidentate fashion via phenoxide O and methoxy O
atoms suffers from unfavorable ring strains. Figure 3
summarizes the Gibbs energy barriers for all of the mechanistic
possibilities for the isomerization step involving catalyst XIII.

Catalyst XIV. We next investigated the isomerization
mechanism for Agapie catalyst XIV. We first considered the
complex when the pyridine ligand was used (L=L1=pyridine,
Scheme 2iv). We considered the isomerization of complex
A(XIV)L1, formed from catalyst XIV in Scheme 1 by replacing
the Me group with the −CH2SiMe3 group, to its geometric
isomeric complex B(XIV)L1. For this isomerization process,
interestingly, the penta-coordinate transition step undergoes a
two-step pseudorotation through two distinct transition states.
The Gibbs energy profile is shown in Figure 4 with the
associated DFT-optimized structures shown in Figure S5. The
first step involves the coordination of the pendant methoxy

Figure 3. Gibbs energy profile for the isomerization of A(XIII)L1 to
form B(XIII)L1. Values in square brackets are computed at the
SMD(chloroform)-DLPNO−CCSD(T)/CBS//SMD(chloroform)-
M06/def2-SVP level of theory to verify the DFT methods.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.4c02856
J. Org. Chem. 2025, 90, 2052−2061

2056

https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02856/suppl_file/jo4c02856_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02856/suppl_file/jo4c02856_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02856/suppl_file/jo4c02856_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02856/suppl_file/jo4c02856_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02856/suppl_file/jo4c02856_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02856/suppl_file/jo4c02856_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02856/suppl_file/jo4c02856_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c02856?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c02856?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c02856?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c02856?fig=fig3&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.4c02856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


oxygen, as previously described, that passes through TS1 that
has a trigonal bipyramidal shape. This TS primarily moves the
alkyl side chain from the equatorial position to the axial
position, giving a stable intermediate INT (DFT-optimized
structure in Figure S5). In the second step, via TS2 (Figure
S5), the pyridine ligand swings over the alkyl group so that it
goes from its original equatorial position trans to the P atom to
the adjacent equatorial position cis to P, thereby giving the
isomerized structure. We note, however, that the first step has a
higher barrier than the second step, by 3.0 kcal/mol.
Therefore, we focus on the first step as the rate-determining
step for isomerization via the penta-coordinate mechanism. We
rename TS1 as TS_5coord_XIV for further discussion.
Other mechanistic possibilities via a dissociative, 3-

coordinate transition state and via a tetrahedral transition
state were also considered. The key TS structures for the
mechanistic possibilities are shown in Figure 5. We observe
that for this system, similar to the XIII system, the
intramolecular associative mechanism (via TS_5coord_XIV,
24.2 kcal/mol, Figure 5) wherein the coordination of a
pendant methoxy O atom forming a penta-coordinate TS that
involves Berry pseudorotation is favored, as seen in the XIII
system, over both the dissociative mechanism (via
TS_3coord_XIV, 35.9 kcal/mol, Figure 5) and the tetrahedral
mechanism (via TS_tet_XIV, 38.8 kcal/mol, Figure 5).

Comparison of Penta-Coordinate TSs for Catalysts XIII
and XIV. We endeavored to understand the differences in the
catalyst systems XIII and XIV by focusing on the penta-
coordinate transition states, TS_5coord_XIII and
TS_5coord_XIV. We note that the latter has a barrier that
is 4.0 kcal/mol lower than that of the former. Frontier
molecular orbitals (FMOs) analysis suggests that the orbital
coefficients in the HOMO and LUMO in both TSs are similar
(Figure 6). Natural bond orbital (NBO) charge analysis
indicates that the charges at the Ni center and O centers are
similar for both TSs: Ni is positively charged at +0.528 in
TS_5coord_XIII and at +0.559 in TS_5coord_XIV (Table
S3); similarly, the NBO charge of the phenoxide oxygen atom
is −0.726 in TS_5coord_XIII and −0.709 in TS_5coord_XIV
(Table S3). Although similar frontier MO structures and NBO
charges are observed, these indicate similar orbital and
electronic interactions in these TSs. A higher electron donation
from the phenoxide oxygen to the Ni center, as indicated by
the more negative/larger second-order perturbative stabiliza-
tion energy, E(2), is observed in TS_5coord_XIV (138.9 kcal/
mol) than in TS_5coord_XIII (128.0 kcal/mol) (Table S4).
This additional stabilization of 10.9 kcal/mol may contribute
to the lower activation barrier observed in TS_5coord_XIV.
NCI plots showing noncovalent interactions are also shown in
Figure 6. They indicate that there is some steric repulsion in
the phosphine-phenoxide ligand in catalyst XIII that may also
contribute to its higher isomerization barrier.

Role of Auxiliary Ligands on Intramolecular Associa-
tive TS Barriers. We next focus on the intramolecular
associative mechanism for both Agapie catalysts XIII and XIV
to understand how the identity of these auxiliary ligands
(Scheme 2iv) affects the TS barriers. These ligands have been
shown to have differing binding affinities to the Ni center,28

thus affecting their ability to dissociate and vacate for the
olefin/acrylate monomer to be coordinated for subsequent
chain propagation. We computed the logarithm of the ratio of
equilibrium constants, log(KL/Kpy) and compared it to the
values measured experimentally (Table 1). We note that the
computed values are close to, but not exactly the same as, the
experimentally measured values. The correlation coefficients
for these two systems are reasonable, with 0.68 for catalyst XIII
and 0.73 for catalyst XIV (Figure S6). The difference may be
due to the methods used experimentally, where both ligands
under study are used to obtain the integration of Ni-CHR

Figure 4. Gibbs energy profile for the isomerization of A(XIV)L1 to
B(XIV)L1 via a two-step process. TS1 is renamed to TS_5coord_-
XIV as it is the highest barrier step on which we focus on.

Figure 5. DFT-optimized transition state (TS) structures for the different mechanisms for the isomerization of A(XIV)L1 to B(XIV)L1:
dissociative, TS_3coord_XIV; tetrahedral, TS_tet_XIV; associative, TS_5coord_XIV. All Gibbs energies are taken relative to the most stable form
of A(XIV)L1.
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resonance in the 1H/31 P NMR resonances, which differ from
computed values obtained from binding energy calculations for
individual systems (SI section 6). However, despite the
different methods, it is worth noting that both experiments
and computations pinpoint ligand L5, perfluoropyridine, as the
ligand that binds the Ni center the weakest, consistent with the
conventional wisdom that the N-lone pair on L5 will be less
donating due to the multiple electron-withdrawing F atoms
present. It should be noted that substituents on the pyridine
ligand can also introduce unfavorable sterics that hinder ligand
binding, especially if the substituents are ortho to the N atom,
such that they may sterically clash with the phosphine-
phenoxide ligand. These could account for the experimental
observation that despite having electron-releasing methyl
substituents on the ortho-position (L2 and L3), weaker
binding is observed both experimentally and computationally
(Table 1). For substituents at para-position, for example, L4 in
catalyst XIII measured experimentally, a stronger binding to
the Ni center than pyridine is observed (Table 1), as the steric
influence/clashes with the phosphine-phenoxide ligand are
minimized. We note that some disagreement between the
computed and experimental log(KL/py) values may arise due to

experimental errors or incomplete conformational sampling
during computational studies.
We next study the rotational barriers for isomerization via a

penta-coordinate transition state for each catalytic system with
different auxiliary ligands present. Table 2 gives the computed

activation barriers for each system. We note that, within each
catalyst system, we have kept the conformations consistent: the
pyridine ligand in the located TSs (TS_5coord_XIII and
TS_5coord_XIV) is modified to other ligands without
changing the orientation/conformation of all other atoms.
The TSs using auxiliary ligands L2 and L4 (with electron-
releasing alkyl substituents on the pyridine core) give lower
barriers than the TS with an unmodified pyridine ligand (L1)
for both catalysts XIII and XIV (Table 2). These lowered
barriers correlate to the weaker binding affinity of L2 and L4
than the pyridine L1 ligand (Table 1). No systematic trend
was observed when comparing catalysts XIII and XIV, as
TS_5coord_XIII_L2 is the lowest among the three ligands
used in XIII, but TS_5coord_XIV_L4 is the lowest in XIV.
This difference may be due to the differences in the steric
demand of the phosphine-phenoxide ligands in XIII and XIV
(Figure S8). It is interesting to note that, despite multiple trials
(e.g., modifying from located true TSs, using combinations of
dihedral angle/angle/distance scans, using the nudged elastic

Figure 6. Frontier molecular orbital (FMO) plots including HOMO and LUMO and the noncovalent interaction (NCI) plots for
TS_5coord_XIII and TS_5coord_XIV. Molecular orbitals are visualized using an isosurface value of 0.05 au NCI indices calculated with
NCIPLOT39 were visualized at a gradient isosurface value of s = 0.5 au. The color
range is such that blue is attractive (−1.000) and red is repulsive (+1.000).

Table 1. Experimentally Measured (exp) and Computed
(comp) Ligand Competition Values Using Logarithm of
Ratio of Equilibrium Constants, log(KL/Kpy) Where py is
the Pyridine Ligand (L1) and L is Other Ligands (L2−L5)
Used in Competition Studies

log(KL/py) L1 L2 L3 L4 L5

XIIIexp 0 −1.8 −3.9 0.2 −4.3
XIIIcomp 0 −1.1 −2.3 −0.1 −7.5
XIVexp 0 −1.8 −4.4 −0.2 −5.1
XIVcomp 0 −0.9 −3.6 −1.6 −8.9

Table 2. Computed Gibbs Energy Barrier for the
Isomerization of Each Catalyst System with Different
Ligandsa

Catalyst L1 L2 L3 L4 L5

XIII 28.2 26.0 − 27.5 −
XIV 24.2 23.5 − 22.7 −

aValues are given in kcal/mol.
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band (NEB) method), no successful TSs could be located for
catalysts with ligands L3 and L5 (only methyl rotations are
obtainable). We hypothesize that for L3, it is likely that the
presence of two methyl groups at the ortho-position results in
significant steric clashes in the way of pseudorotation such that
such a TS could not be located. For L5, the weak binding
arising from the electronic influences of multiple F atoms may
cause the weakly bound L5 ligand to dissociate and render
pseudorotation difficult.
We proceeded to estimate the barriers for isomerization via

the pentacoordinate transition state using ligands L3 and L5
(SI section 6), which suggests that the pseudorotational barrier
will be higher for L3 and lower for L5 than for the pyridine
ligand L1 (Table S2). The FMO plots for these TSs and
approximate TSs are similar for all ligands (except that for L5,
the LUMO has some orbital coefficients on the F atoms)
(Figure S8). The NBO charges on the key atoms are similar
(Table S3, Figures S9 and S10). We note the lower second-
order perturbative stabilization energy, E(2), resulting from the
electron donation from the nitrogen atom on the ligand to the
Ni center in catalysts XIII and XIV when the ligand is L5 (77.9
and 75.7 kcal/mol, for XIII and XIV, respectively) than other
ligands L1−L4 (Table S4). In replacing pyridine ligand L1
with L5, the NBO charge on the N atom of the ligand becomes
more negative by 0.080 au in catalyst XIII and by 0.081 au in
catalyst XIV (Table S3 and Figures S9 and S10); the E(2)
value for N → Ni donor−acceptor interaction decreases by
11.6 kcal/mol in XIII and by 12.8 kcal/mol in XIV (Table S4,
Figures S11 and S12). These observations are consistent with
the electron-withdrawing nature of the perfluoropyridine
ligand and the weakest binding strength observed exper-
imentally and computationally.

■ CONCLUSION
The mechanisms underlying the isomerization processes of
neutral phosphine-phenoxide-ligand-coordinated nickel com-
plexes were elucidated through computational DFT studies.
Our findings suggest that an associative mechanism with a
pendant oxygen from the methoxy group of the phosphine-
phenoxide ligand acting to fulfill the fifth coordination site on
nickel is essential to enable the isomerization to occur via
penta-coordinate Berry pseudorotation. Either single-step or
two-step pseudorotations can occur, depending on the identity
of and the steric demands on the phosphine-phenoxide ligands.
Our investigations into the effect of varying auxiliary ligands
reveal that ligands with electron-releasing alkyl groups have
electronic influences that may be counterintuitive: with more
electron donation to the nickel center and enhanced bonding
interaction, the pseudorotational TS barrier is expected to be
increased. However, with alkyl-releasing substituents in L2 and
L4, the barriers are actually lowered (Table 2). In addition,
substituents at the ortho-positions may augment the steric
clashes and result in higher barriers. Electron-withdrawing
substituents on the pyridine ligand are found to weaken the
Ni−N binding strength, thus potentially leading to lower
barriers. These findings point the way toward a potential
strategy for optimizing catalyst performance in copolymeriza-
tion processes by lowering the barrier of isomerization by fine-
tuning the steric and electronic influences of auxiliary ligands,
so that the isomerization step is not rate limiting, allowing
polymerization to proceed more efficiently. Additional work to
study more diverse substituents on the auxiliary ligands with
varying strengths of electron-withdrawing and -donating

powers may thus pave the way for the design and engineering
of better Ni-based copolymerization catalysts.
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