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Abstract: The polymerization mechanism of para-methoxystyrene catalyzed by cationic a-diimine
palladium complexes with various ancillary ligands was rigorously examined using density
functional theory. In the classical methyl-based a-diimine palladium complex [{(2,6-Pr2CsHs)-
N=C(Me)-C(Me)=N-2,6-Pr.CcHs)}PdMe]* (A*), the 2,1-insertion of para-methoxystyrene is favored
over the 1,2-insertion, both thermodynamically and kinetically, during the chain initiation step. The
resulting thermodynamically favored n?-mt-benzyl intermediates face a substantial energy barrier,
yielding only trace amounts of polymer, as experimentally verified. In contrast, the
dibenzobarrelene-based a-diimine palladium complex [{(2,6-Pr2CsHs)-N=C(R)-C(R)=N-2,6-
Pr2CsHs)}PdMe]* (R = dibenzobarrelene, B*) shows similar energy barriers for both 2,1- and 1,2-
insertions. Continuous 2,1/2,1 or 2,1/1,2 insertions are impeded by excessive energy barriers.
However, theoretical calculations reveal that the 1,2-insertion product can seamlessly transition into
the chain propagation stage, producing a polymer with high 1,2-regioselectivity. The observed
activity of complexes A+ or B+ towards para-methoxystyrene polymerization stems from the energy
barrier differences between the 1,2- and 2,1-insertions, influenced by the steric hindrance from the
ancillary ligands. Further investigation into the effects of steric hindrance on the chain initiation
stage involved computational modeling of analogous complexes with increased steric bulk. These
studies established a direct correlation between the energy barrier difference AAG (1,2-2,1) and the
van der Waals volume of the ancillary ligand. Larger van der Waals volumes correspond to reduced
energy barrier differences, thus enhancing the regioselectivity for para-methoxystyrene
polymerization. Moreover, the experimental inertness of complex B* towards styrene
polymerization is attributed to the formation of stable kinetic and thermodynamic 2,1-insertion
intermediates, which obstruct further styrene monomer insertion due to an extremely high reactive
energy barrier. These findings contribute to a deeper understanding of the mechanistic aspects and
offer insights for designing new transition metal catalysts for the polymerization of para-
alkoxystyrenes.
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1. Introduction

Functionalized polyolefins, which incorporate polar functional groups into polyolefins,
represent a promising class of materials due to their distinctive properties such as wettability,
adhesion, printability, and compatibility. These properties significantly expand their potential
applications. [1-3] The successful introduction of polar functional groups into polyolefins has been
achieved through various polymerization techniques including cationic polymerization [4,5], radical
polymerization [6,7], and coordination-insertion polymerization. [8-11] Among these, coordination-
insertion polymerization, facilitated by transition metal catalysts, has proven to be an efficient and
straightforward method. This technique offers mild reaction conditions and allows precise control
over the polymer's structure and composition.

Early transition metal catalysts, including group 4-6 metals, are susceptible to poisoning due to
their strong Lewis acidity, which facilitates the easy coordination of polar monomers. [12-14] In
contrast, late transition metal catalysts, such as square planar d® nickel and palladium complexes,
exhibit low oxophilicity and enhanced tolerance to functional groups, making them ideal for
synthesizing functionalized polyolefins. Over the past decades, the development of late-transition-
metal catalysts for polar monomer polymerization has garnered significant interest in functional
polyolefin research. [15-18] For instance, Mecking in 2009 first demonstrated the continuous insertion
of methyl acrylate using a neutral phosphinesulfonato palladium(Il) catalyst, achieving only trace
amounts of oligomers. [19] Subsequently, the same group explored the polymerization behavior of
diallyl ether catalyzed by identical palladium(ll) complexes. [20] This catalyst displayed moderate
catalytic activity for diallyl ether polymerization. Conversely, the homopolymerization of allyl ethyl
ether resulted in products with significantly lower molecular weights and reduced productivity. The
Pellecchia group developed a series of Ni(Il) complexes with pyridylimino ligands, demonstrating
high productivity but lower selectivity in methyl acrylate insertion for the copolymerization of
ethylene with methyl acrylate. [21] However, the overall activity, selectivity, and insertion rates of
polar monomers in these polymerization processes remain generally low, making it challenging to
achieve the desired high molecular weights and high rates of polar monomer insertion.

Recently, considerable efforts have been invested in enhancing the polymerization performance
of metal catalysts through modifications to ligand backbones, substituents, and metal centers. While
some experimental instances have demonstrated success, a general lack of theoretical understanding
concerning the regulation of catalytic activity, polymer molecular weight, and polar monomer
insertion rates by late-transition metals often leads to inefficiency and a measure of trial-and-error in
research. Consequently, it is essential to investigate the influence of the ligand backbone,
substituents, and metal centers within metal complexes on polymerization activity at the molecular
level.

In 2020, Gao and colleagues reported that the classical a-diimine palladium complex A catalyzed
the polymerization of para-methoxystyrene (pMOS), yielding only trace amounts of the product. In
contrast, the dibenzobarrelene-based a-diimine palladium species B demonstrated high activity,
rapidly producing poly(para-methoxystyrene)s with high molecular weights. However, this catalyst
B was inert when used for the polymerization of styrene (Scheme 1). [22] This observation
underscores the significant influence of the auxiliary ligands and the type of monomer on the catalytic
activity and microstructure of the polymerization process. Consequently, this study systematically
investigates the mechanisms and origins of the activity in the polymerization of pMOS by late
transition metal palladium complexes with varying auxiliary ligands. Additionally, it examines the
monomer specificity of dibenzobarrelene-based a-diimine palladium species using density
functional theory (DFT) calculations. These investigations aim to provide a theoretical foundation for
designing and synthesizing new catalytic systems.
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Scheme 1. Polymerization of para-methoxystyrene/styrene catalyzed by palladium complexes.
2. Results and Discussion

2.1. Mechanism of pMOS Polymerization by Cationic Species A*

The cationic palladium alkyl species A* was synthesized by reacting Pd-Cl with sodium
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate NaBArF from complex A. As depicted in Figure 1, the
chain initiation and propagation processes of pMOS polymerization, catalyzed by the a-diimine
palladium complex A*, were modeled using DFT calculations. The chain initiation can proceed via
two pathways: 1,2- (black line) and 2,1- (green line) insertion of pMOS. In the 1,2-insertion,
coordination of the C=C bond of pMOS with the palladium species A* leads to the formation of the
stable 1,2-coordination complex Alpmosi2 (AG =-11.6 kcal/mol). This is followed by the insertion of the
C=C bond of pMOS into the Pd—C bond via the four-center transition state ATS1ymos12, requiring an
energy barrier of 20.8 kcal/mol (8.3-(-12.5)) and resulting in an exothermic reaction of 17.4 kcal/mol,
forming the intermediate A3pmos12. Conversely, in the 2,1-insertion, pMOS mt-coordinates with species
A+ to form the 2,1-coordination complex A1ymos21. This complex then undergoes insertion via the four-
center transition state ATS1ymosz, forming the complex A2ymosz which exists with an agnostic
interaction, then it subsequently transforms into a more stable 7-13-benzyl chelate intermediate
A3pmos21. The 2,1-insertion process has a lower free energy barrier of 18.0 kcal/mol (5.5-(-12.5)), which
is 2.8 kcal/mol less than the 1,2-insertion. Additionally, the chain initiation product A3,mos21, resulting
from the 2,1-insertion, releases 29.8 kcal/mol of energy, making it thermodynamically more stable
than 23ymos12 by 12.4 kcal/mol. These calculations indicate that the 2,1-insertion mode is more
favorable than the 1,2-insertion mode, both kinetically and thermodynamically, at the chain initiation
stage. Thus, the subsequent chain propagation process was modeled based on the 2,1-insertion
product A3,mosz21.

During the chain propagation stage, both 1,2- and 2,1-insertion modes of pMOS were examined.
The coordination of pMOS with the intermediate A3pmos21 to form A4ymosi2 and A4pmos21 is endergonic,
with energy increases of 10.9 and 12.9 kcal/mol respectively. Furthermore, the energy barrier for the
1,2-insertion, as modeled by the transition state ATS2pmos12, was calculated to be notably high at 33.1
kcal/mol. Similarly, the transition state for the 2,1-insertion, ATS2pmosz1, also exhibited a significant
energy barrier of 29.9 kcal/mol. These calculated free energy barriers for the chain propagation
pathways are prohibitively high, considering the experimental reaction conditions at 30 °C, aligning
with the observed trace amounts of polymer produced under these conditions.
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Figure 1. Calculated Gibbs free energy profiles for insertion of pMOS based on A* at the chain
initiation and chain propagation stage (in kcal/mol). The 1,2- and 2,1-insertion pathways are in black
and green, respectively.

2.2. Mechanism of pMOS Polymerization by Cationic Species B*

Unlike the class a-diimine palladium catalyst A*, where only a trace amount of polymer was
observed, the dibenzobarrelene-based a-diimine complex B* demonstrated high activity in pMOS
polymerization. To elucidate this intriguing reactivity difference, detailed mechanistic studies were
undertaken. As with species A*, the chain initiation stage for pMOS polymerization based on complex
B+ was calculated for both 2,1-insertion and 1,2-insertion pathways. As illustrated in Figure 2, the 2,1-
insertion pathway (¥1ymos21—BTS1pm0s21—B2pM0821—B3pM0s21) involves an energy barrier of 21.3
kcal/mol and is accompanied by an exothermic release of 28.0 kcal/mol. Conversely, the 1,2-insertion
pathway (31pmos12—BTS1pmos12—B2pMm0s12—B3pMmos12) presents a relative free energy barrier of 20.9
kcal/mol and an exothermic release of 15.1 kcal/mol. Notably, the energy barrier gap (AAG (1,2-2,1)
between the 1,2- and 2,1-insertions shifted from 2.8 to -0.4 kcal/mol compared to A*. It is significant
to note that the formation of intermediate B3ymos12 is exothermic by 15.1 kcal/mol, whereas
intermediate B3pmos21 is exothermic by 28.0 kcal/mol, which is 12.9 kcal/mol more exothermic than the
1,2-insertion.
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Figure 2. Calculated Gibbs free energy profiles for insertion of pMOS based on B* at the chain
initiation and chain propagation stage (in kcal/mol). The 1,2- and 2,1-insertion pathways are in black
and green, respectively.

Given that the two pathways are kinetically competitive and that the 2,1-insertion is
thermodynamically more favorable, further calculations were performed on the chain propagation
process based on B3ymoszi. These calculations indicated that the 2,1-insertion pathway
(B3pmos21—B4pmos21—BT S2pm0s21—B5pM0s21—B6pMo0s21) encounters lower energy barriers compared to
the 1,2-insertion pathway (B3pmos12—B4pmos12—BTS2pm0s12—B5pM0812—B6pMo0s12), thus making it more
advantageous. Nevertheless, the energy barriers for these pathways, at 34.1 and 37.3 kcal/mol,
respectively, are prohibitively high, challenging the explanation of catalytic reactivity. This
contradiction leads to further analysis that the activation energies for both insertion reactions are
similar, with the 1,2-insertion being marginally favored by 0.4 kcal/mol. The Eyring equation further
elucidates the relationship between the kinetic constants for the two reactions, k12 and k21. Calculated
at T=303 K, the ratio kiz/k21= exp((AG12~AG21*)/RT) reveals a value of kiz/k21 = 1.94, suggesting that the
1,2-insertion reaction is kinetically favored. Quantification of the pMOS insertion products showed a
predominant formation of the 1,2-insertion product B3,mos12 (66% yield), alongside a lesser amount of
the 2,1-insertion product B3pmosz1 (34%). Consequently, the chain propagation process based on
53,mos12, following the 1,2-insertion, was evaluated. As depicted in Figure 3 (right), the calculations

indicate that the 1,2-insertion reaction, proceeding through
B3pm0s12—P4 pM0s12—BT S 2 pMos12—B5 yMos12—B6 pmos12, Tequires overcoming an energy barrier of only
19.9 kcal/mol, which is lower than that for 2,1-insertion

(B3pm0s12—B4 pM0s21— BTS2 pmos21—B5 pmos21—B6 pmosz1) by 1.38 kcal/mol. Thus, it is plausible to
conclude that for the dibenzobarrelene-based a-diimine complex B*, the chain initiation stage should
predominantly follow the 1,2-insertion, potentially a kinetically controlled process.
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Figure 3. Calculated Gibbs free energy profiles for the B* mediated competitive pathways for the chain
propagation and the chain transfer of pMOS based on B3,mos12 (in kcal/mol). The 1,2- and 2,1-insertion
pathways in the chain propagation are in black and green, respectively. The dissociative associative
and associative pathways in the chain transfer are in gray and orange, respectively.

To further explore the feasibility of the polymerization reaction, the chain termination process
following the chain initiation via 1,2-insertion was examined (Figure 3, left). The chain termination
mechanism initiates with f—H elimination (®TS3’pmosuzsHE), leading to the intermediate B8’ ymos128HE
with an activation barrier of 3.9 kcal/mol. Subsequently, two chain transfer pathways were
considered: dissociative and associative chain transfer. The dissociative chain transfer pathway
proceeds through the Pd-H intermediate 3104iss, with an activation barrier of 21.7 kcal/mol (6.6—(-
15.1)), and the associative chain transfer, facilitated by pMOS via BTS6 pmos1zass, presents a comparable
activation barrier of 21.5 kcal/mol (6.4-(-15.1)). Based on B3,mos12, chain propagation is kinetically
more favorable than the chain transfer processes (19.9 vs. 21.9, 21.4 kcal/mol). This kinetic preference
aligns with experimental observations indicating a high 1,2-regioselectivity polymer.
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Figure 4. The structures, independent gradient model based on Hirshfeld partition, and Extended
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Comparative analysis revealed that the barrier to chain propagation is significantly large,
attributable to the varying thermodynamic stabilities of products from the 1,2- and 2,1-insertion chain
initiation modes. Consequently, a detailed examination of B3pmos12 and B3pmos21 is conducted, focusing
on their structural characteristics and charge distributions (refer to the top of Figure 4). Charge
dispersion is known to contribute to structural stability. In the chain initiation products, the four-
membered units comprising Pd, C1, C2, and C3 are critical for chemical reactivity. To assess the
stability of these structures, the unsigned average charges (1 Q1) and square errors (S) of the atoms in
intermediates B3ymos12 and B3pymosz1 were calculated to estimate charge dispersion. The S value, defined
for the Pd, C1, C2, and C3 atoms as S =)(1Qx |-1Q1)?n, wheren=4 and | Q| represents the unsigned
average charge while Qx denotes the individual atomic charges, serves as an indicator of structural
stability. A lower S value indicates higher stability. The average charges for B3,mos12 and B3pmosz1 are
0.31 and 0.22, respectively, with S values of 0.016 and 0.009, indicating that B3,mosz1 demonstrates a
smaller average charge Q and S value compared to B3,mos12, thus suggesting greater thermodynamic
stability and a deeper potential well for B3,mosz1. Additionally, hirshfeld partition analysis [23,24]
demonstrated stronger van der Waals interactions in B3pmosz1 (darker blue in the middle of Figure 4)
compared to B3,mosn2. extended transition state-natural orbitals for chemical valence analysis [23,25]
(refer to the bottom of Figure 4) further confirmed stronger donation (1.629 vs 1.595) and back-
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donation (0.374 vs 0.362) in B3,mos21 compared to B3,mos12. This analysis supports the identification of
n?-mt-benzyl intermediate B3,mos21 as a stable resting state, which impedes further chain propagation.

By comparing the computational results of catalysts A* and B, it is evident that adjusting the
steric hindrance of the auxiliary ligand significantly influences the chain initiation insertion mode,
thereby affecting activity and regioselectivity. To further explore this effect, a series of complexes
with increased steric hindrance was designed and calculated. As illustrated in Figure 5, the isopropyl
groups in the N-aryl moieties were replaced with a phenyl group (catalyst C*), a methyl-phenyl group
(catalyst D*), and a phenyl-phenyl group (catalyst E*). The computational results of the chain
initiation process are summarized in Table 1. These calculations indicate that an increase in the van
der Waals volume [26] of the auxiliary ligand leads to a reduced energy barrier gap for 1,2- and 2,1-
insertion (AAG (1,2-2,1) changing from 2.8 to -0.4 to 0.2 to -2.4 to -3.3 to -5.2 kcal/mol), making the
1,2-insertion pathway increasingly favorable. A linear relationship was established between AAG
(1,2-2,1) and the van der Waals volume of the catalyst (Figure 5), demonstrating a strong negative
correlation (R? = 0.95). A larger van der Waals volume corresponds to a lower barrier gap AAG
(1,2-2,1), which enhances the propensity for 1,2-insertion. This trend suggests that while the barrier
for 1,2-insertion is minimally affected by increasing steric hindrance (from 19.5 to 20.9 kcal/mol), the
barrier for 2,1-insertion is significantly raised (from 18.0 to 25.0 kcal/mol). Consequently, this
alteration leads to a more negative difference in the energy barriers between the two pathways,
thereby enhancing the selectivity for 1,2-insertion.
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Figure 5. The new designed catalysts, the VDW volumes are given in Bohr¥(red), The R? values
between the the VDW volume (Bohr?) of catalysts A*, B* or C*~E* and their corresponding insertion
energy gaps (kcal/mol).
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Table 1. Gibbs free energies (kcal/mol) for reactions of pMOS insertion for catalysts A*, B*, and C*-E*
at the chain initiation stage.

catalysts  Imosa (gi:xz) (g) AAP (1A,2G-) (2A,1G-) (1?262(31)
A+ 125 83(55)  -174(29.8) 124 205 180 25
B+ -10.2 10.7(11.1) -15.1(-28.0) 129 20.9 21.3 -0.4
c 154 45(69)  -206(305 99 199 223 24
D+ -6.2 13.3(16.7) -10.3(-17.1) 6.8 19.5 22.8 -3.3
Er 85  113(165) -144(228) 83 198 250 52

2.3. Mechanism of Styrene Polymerization by Cationic Species B

Concurrently, the dibenzobarrelene-based a-diimine catalyst B* demonstrates high activity in
catalyzing the polymerization of pMOS, yet shows no activity in styrene polymerization. This
discrepancy prompts an investigation into the factors influencing its activity, which could elucidate
the catalyst's regioselectivity for different monomers. Accordingly, the styrene polymerization
mechanism using catalyst B+ was computationally analyzed (Figure 6). The 2,1-insertion barrier for
styrene at the chain initiation stage is calculated to be 18.1 kcal/mol, which is kinetically 1.2 kcal/mol
more favorable than the 1,2-insertion. The 7? intermediate, B3sez1, formed by 2,1-insertion, is also
thermodynamically more stable than the 1,2-insertion product, B3saz (-25.1 vs -13.9 kcal/mol). The
ratio of kinetic constants, estimated according to the Eyring equation kiz/kz1= exp((AG12*-AG21*)/RT) at
T=303 K, yields a calculated reactivity ratio (ki»/k»1 = 0.14), indicating that 1,2-insertion of styrene into
the Pd—Me complex Blse is less favorable compared to 2,1-insertion. Quantification of the styrene
insertion products revealed that 88% yield was of the 2,1-insertion product B3sw1, with only a trace
amount (12%) of the 1,2-insertion product ®3suz. Thus, subsequent chain propagation is
predominantly based on the 2,1-insertion product B3stz1. Starting from B3sez1, chain propagation of
styrene through the transition state BTS2se1 requires overcoming an activation energy of 33.0
kcal/mol. This substantial barrier underscores the challenges in the chain propagation process during
styrene polymerization, aligning with experimental observations that no polymers are formed.


https://doi.org/10.20944/preprints202410.2300.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 October 2024 d0i:10.20944/preprints202410.2300.v1

10
AG keal/mol
N @
(N Pd\
"
e
7
as
N\
 Pd
iPr e
R
B*
0.0
St
N\@/
/Pd
N
N N Me
X N
<\Pd ( Pd” N @ .
N NT _Pdiz
Y\Q "
Blstrz 525112
|<— Chain Initiati

Figure 6. Calculated Gibbs free energy profiles for insertion of styrene based on B* at the chain
initiation and chain propagation stage (in kcal/mol). The 1,2- and 2,1- insertion pathways are in black
and green, respectively.

3. Computational Details

Theoretical calculations were performed using Gaussian 16. [27] All structures were optimized
in the gas phase using the B3LYP-D3 functional [28-30] combined with the Lanl2DZ [31,32] basis set
for Pd and the 6-31G(d,p) basis set for other atoms. Polarization functions for Pd were included with
Cf = 1.472. [33] Transition states were further verified through intrinsic reaction coordinate (IRC)
calculations. [34] Based on the optimized gas-phase geometries, single-point calculations were
performed in dichloromethane using the SMD solvent model [35-37] with the B3LYP-D3 functional
employing a mixed basis set (SDD for Pd [38,39] and 6-311+G(d,p) for other atoms). Structures in this
study were visualized using CYLview. [40] Thermodynamic corrections to Gibbs free energy were
applied using solution-phase single-point energies plus 1.9 kcal/mol [41,42] (to adjust for the standard
state change from 1 atm to 1 mol/L at 298.15 K), thus calculating the solution-phase Gibbs free
energies for subsequent discussions. Tools such as Multiwfn [23] and VMD [43] were utilized to
analyze non-covalent interactions (using the independent gradient model based on the Hirshfeld
partition method) [24] and to perform extended transition state and natural orbitals for chemical
valence analyses [25].

4. Conclusions

DFT studies have analyzed the activity and regioselectivity differences in para-alkoxystyrene
polymerization catalyzed by cationic a-diimine palladium complexes alkyl species [{(2,6-Pr2CsHs)-
N=C(R)-C(R)=N-2,6-Pr2CsHs)}PdMe]* (A*, R = Me; B*, R = dibenzobarrelene) with varying auxiliary
ligands. The limited polymer formation observed experimentally with species A* in para-
methoxystyrene polymerization is attributed to the formation of a stable n’-benzyl chelate dormant
state, resulting from a 2,1-insertion during the chain initiation process. In contrast, species B,
demonstrating a high 1,2-regioselectivity in the polymerization process, favors a continuous 1,2-1,2
insertion mode. The 2,1-insertion and 1,2-insertion pathways are dynamically competitive, reflected
by similar energy barriers at the chain initiation. The 2,1-insertion intermediate displays enhanced
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thermodynamic stability due to a smaller average charge | Q| and square errors S of Pd, C1, C2, and
C3 units, thus favoring a dormant state. Conversely, the 1,2-insertion intermediate is more likely to
continue coordination and insertion of the subsequent para-methoxystyrene monomer. Both
dissociative and associative chain transfer pathways have been calculated and considered
improbable. Improvements in the catalytic 1,2-regioselectivity of para-methoxystyrene
polymerization may be achieved by enlarging the substituents on the N-aryl moieties. A series of
sterically hindered catalysts were computationally designed to assess the impact of steric effects on
the chain initiation step. The results confirm a negative correlation between the energy barrier gap
AAG (1,2-2,1) and the van der Waals volume of the catalysts, with a correlation coefficient R? of 0.95.
A larger van der Waals volume indicates a lower barrier gap AAG (1,2-2,1), which facilitates the
occurrence of 1,2-insertion in para-methoxystyrene polymerization. Unlike para-methoxystyrene
polymerization, which is not similarly inhibited and allows subsequent chain propagation, the
polymerization of styrene predominantly forms a stable r?-structured intermediate due to a slightly
more favorable 2,1-insertion. These findings are expected to provide valuable insights into the
development of cationic a@-diimine palladium alkyl species for para-alkoxystyrene polymerization.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: Calculated thermodynamic corrections for Gibbs free energies (AGcor
in Hartrees), solution-phase single-point energies (AEsol in Hartrees) and solution-phase Gibbs free energies
(AGsol in Hartrees). DFT geometries are also collected in a separate .xyz file.
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