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ABSTRACT: For various types of palladium complexes bearing phosphine- Machine Learning for

sulfonate (PS) ligands used in the coordination—insertion copolymerization of N CO;Me Activity, MW, n/ nm_ COMe
olefins with polar monomers, characteristic features of the ligands, such as X n m

electronic and steric properties, have been discussed to describe their catalytic

o . - R! R2 62 parameters x 112 experiments:
performance. Aiming at further analysis of the literature data, here we report the \/" § Parameters: Experimental conditions
development of a statistical method for how the ligand impacts the performance ( B . Values calod., by DFT for the key Int.

i Pd P

of a Pd-catalyzed copolymerization of ethylene and methyl acrylate (MA). S0 { >
During our investigation, ligand features important for the resultant molecular O} ; R

. . . . . . . Unexpected hit )
weight of the obtained polymers were identified. Consistent with previously Key 8}@3{’
suggested important parameters, the electron density on the palladium center Interimediate ¢ /,}‘Q,V
and maximum width of the substituents on the phosphorus atom (BS) were VSN N}Q?

> ,

found to be significant for catalyst performance. We also found that additional

features impact reaction outputs. As an example, the lower occupancy of the

palladium d orbital results in an increase of molecular weight and catalyst activity in both ethylene homopolymerization and
ethylene/methyl acrylate copolymerization. Furthermore, it was predicted that a larger bite angle of the ligand increased the activity
of ethylene/methyl acrylate copolymerization without impacting the molecular weight. On the basis of these machine learning
predictions, three thiophene derived PS-type catalysts were synthesized and tested for MA/ethylene copolymerization.
Unexpectedly, rather than the one predicted to enhance catalytic performance, a synthetic intermediate to this ligand exhibited
higher activity albeit with the expense of molecular weight and MA incorporation. The inconsistency between the prediction and the
experimental result is likely a result of insufficient training data for the catalyst with a different linker moiety. However, the
unexpected finding that chlorination of the ligand backbone increases the overall catalyst performance will inspire an avenue for PS
catalyst development.

B INTRODUCTION 2014, Nozaki and co-workers examined the steric impact of the
phosphine substituents with the feature Sterimol BS, which
describes the maximum width of the substituent.”* In both
the homopolymerization of ethylene and its copolymerization
with a variety of polar monomers, the BS measure is positively
correlated with the resultant MW (Scheme 1b). This
association was postulated to be caused by the ability of
bulky substituents to effectively shield the apical position of the
metal center. To further evaluate the interplay of ligand
electronic and steric features in their catalytic properties, we
envisaged applying more sophisticated data science tools to
comprehensively investigate the stereoelectronic factors that
control the performance of this catalyst class.

Since the publication of the seminal work by Drent et al. in
2002," extensive efforts have been devoted to the development
of unsymmetrical bidentate ligands effective in promoting the
palladium-catalyzed copolymerization of olefins with polar
vinyl monomers.” Among the potent ligand types, phosphine-
sulfonates (PS), which selectively facilitate the production of
linear copolymers in high molecular weight (MW), have been
the most investigated.” Various strategies have been developed
over the years for the optimization of their catalytic
performance, such as activity, product MW, and increased
incorporation of polar monomers, and the impact of ligand
characteristics has been scrutinized with considerable effort.
Notably, Wucher et al. reported the ligand electronic effect in

the copolymerization of ethylene with methyl acrylate (MA) Special Issue: Organometallic Chemistry Inspired by
promoted by di-o-anisylphosphino-benzenesulfonates (4-R-2- Maurice Brookhart

MeO-C4H,),P-C¢H,-SO;), where the presence of a strong Received: February 3, 2022

electron donor on the phosphine component was observed to Published: March 29, 2022

produce copolymers with increased MW, but with a
concomitant decrease in catalytic activity (Scheme 1a).* In
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Scheme 1. Copolymerization of Ethylene and Methyl
Acrylate with Palladium Phosphine-Sulfonate Catalysts
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The product MW of a polymerization process is determined
by the difference between the energies of activation (AAG*) of
chain propagation and chain transfer. Unfortunately, computa-
tional transition state studies with modern theoretical
approaches (e.g., DFT calculations) are not adequate for the
assessment of energy differences on this scale. For example, a
difference of 1.0 kcal/mol, which is approximately the limit of
accuracy in a DFT calculation for transition-metal catalysis,
corresponds to an increase in MW by ~4-fold.*” Alternatively,
the utilization of various molecular featurization tools,
combined with machine learning algorithms, has been proven
effective in the prediction of enantiomeric excess, a similarly
sensitive reaction output.8 For instance, in 2019, Denmark and
co-workers demonstrated their process through the successful

description of catalyst structural effects on the enantioselective
thiol addition to N-acylimines, promoted by BINOL-derived
phosphoric acids.** In this study, the development of a steric
descriptor that represents the entire conformer ensemble was
the key to their success. In the same year, Sigman and co-
workers reported the statistical modeling of data-mined
literature results from a range of nucleophilic addition
reactions to imines using DFT-derived physical organic
parameters and the ability of the resulting model to provide
out-of-sample predictions.”” We became interested in applying
these types of data science methods to interrogate the
performance of the Pd/PS system in ethylene polymerization
and ethylene/MA copolymerization. Herein, we report the
implementation of these types of workflows to explore which
key catalyst features impact various polymerization metrics.
Moreover, based on the statistical models constructed, we
designed, synthesized, and tested three new thiophene derived
PS-type catalysts. In contrast to our prediction, the designed
thiophene-linker PS catalyst exhibited only modest activity
while a synthetic intermediate in route to this catalyst provides
some of the best catalyst performance metrics reported to date.

B RESULTS AND DISCUSSION

Strategy. To initiate the investigation, we considered the
general reaction mechanisms for chain propagation and chain
transfer as suggested by previous studies (Scheme 2). DFT
calculations suggested that chain propagation proceeds via
ethylene coordination to an alkylpalladium intermediate (1 —
2), followed by cis/trans isomerization (2 — 3) and ethylene
insertion (3 — 4), with the final one (3 — 4) being the rate-
determining step of the desired polymerization reaction.” The
rate-determining step for the chain transfer, which limits the
polymer chain length, is ethylene dissociation from inter-
mediate 3 to give § via f-hydride elimination. This mechanism
suggests that intermediate 3 is the key intermediate located at
the branching point to control the molecular weight of a
polymer. Accordingly, we selected this general structure to
build the requisite in silico feature set for statistical modeling
applications.”” The set of structures assessed in this study is
tabulated in Figure 1.3

Comparative molecular field analysis (CoMFA)"'" was first
employed to provide a spatial visualization of the catalyst

Scheme 2. Mechanism of Ethylene Polymerization Promoted by Palladium/Phosphine-Sulfonate Catalysts”
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“Intermediate 3 is located at the branching point for chain propagation and chain transfer.
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Figure 1. Structures of complexes used in the statistical analysis of polymerizations.

properties and their effect on the MW in ethylene
homopolymerization. Subsequently, a statistical modeling
study was carried out to determine how catalyst features
impact (co)polymer properties (MW, polymerization activity,
incorporation of polar monomer in case of E/MA copoly-

merization) in both the homopolymerization of ethylene (E)

3187

and the copolymerization of ethylene and methyl acrylate
(MA).

In this paper, the polar monomer for copolymerization is
limited to methyl acrylate because of bias in the reported data
sets. In 120 entries, methyl acylate was used as polar monomer

although there are 188 examples for copolymerization by Pd/
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PS. The original references for the data are listed in Tables S1
and S2 in the Supporting Information.

Data and Parameter Collection and Model Con-
struction. Experimental data for ethylene polymerization
promoted by methylpalladium complexes bearing PS ligands
were collected from the literature. For analysis of both
homopolymerization and copolymerization, the data used for
model construction was filtered based on reaction temperature
(80 °C for homopolymerization, 80—100 °C for E/MA
copolymerization) and split randomly into training and test
sets with a ratio of 80:20 (details in the Supporting
Information). The same split was used for all analyses.
Structures of intermediate 3 with a library of PS ligands
(Figure 1) were calculated with the geometry optimization
method B3LYP-D3(BJ)/[6-31G(d)+LANL2DZ], followed by
a single point calculation with B3LYP-D3(BJ)/[6-311+G-
(d,p)+SDD].

The CoMFA coordinates were set as described in Figure 2.
The Pd atom was selected as the origin, and the square-planar

Figure 2. Definition of the coordinate grid.

coordination plane of Pd (ie., the mean plane of Pd, the two
ligating atoms in the PS ligand, and the bound carbon in the
propyl group) was defined as the xz plane with the sulfonate
group direction as the y positive. Although most of the ligands
we employed are achiral, the complexes are chiral due to the
conformation of the six-membered ring as depicted in Figure 3,

Figure 3. Example of mirror image parallel to coordination plane of
palladium.

and as such, both mirror images with respect to the xy plane
were equally considered in the analysis. The grid size was set to
1 A. The information on grid occupation was converted to 10
orthogonal descriptors by principal component analysis
(PCA). Conversion of grid occupancy to descriptors and
compression by PCA was conducted in Open3dQSAR. Further
analysis by linear regression was conducted on R ver. 3.6.1.
The results were visualized on the grid with pseudocoefficients
by using PyMOL ver. 2.2.3.

A wide variety of descriptors were collected for intermediate
3 from both the simulated complex structures and their
corresponding ligand conformers (Figure 4), adding up to a
total of 62 parameters (see the Supporting Information for
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Figure 4. Procedure of parameter collection for machine learning.

details). A few notable examples are structural features (bond
lengths, angles, percent buried volume (%V,,),"” and Sterimol
parameters), orbital information (HOMO and LUMO),"
natural bond orbital (NBO) analysis of key atoms, the minima
of electrostatic potential (V,,;,) localized around the ligating
groups, polarizability, chemical shifts, and the stretching
frequency for the ethylene bound to palladium.

The simulated molecular descriptors, along with reaction
parameters (e.g., time, temperature, substrate concentration,
catalyst loading), were utilized in the analysis of important
reaction outputs. For ethylene homopolymerization, statistical
models were developed for both molecular weight (MW, the
M, value) and activity, in the forms of log(MW) and
log(activity), respectively. For ethylene/methyl acrylate
copolymerization, incorporation efficiency (k) was added to
the analyzed properties."* Incorporation efficiency represents
how much the catalyst preferentially incorporates polar
monomers during chain propagation, with the assumption
that, without the bias introduced by the catalyst, incorporation
of each monomer is in linear relation to its concentration. A
large incorporation efficiency would allow for the direct
synthesis of highly functionalized polyolefins with limited
concentration of polar monomers during the preparation. The
incorporation efficiency k was defined as

(incorporation ratio of MA [mol %])
:(incorporation ratio of ethylene [mol %])
= k (incorporation efficiency)-(MA conc. [M])
:(ethylene press. [MPa])
Thus

k (incorporation efficiency)

_ (incorporation ratio of MA [mol %])-(ethylene press. [MPa])

(incorporation ratio of ethylene [mol %])-(MA conc. [M])
(1)
For linear regression, preliminary models were regularized
using Akaike’s information criterion (AIC). In the random
forest analysis, the number of predictors sampled for splitting
at each node was tuned by using grid search. Subsequently, the
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Figure S. (a) Statistical analysis of molecular weight of ethylene polymerization with CoMFA using PLS. (b) Molecular weight prediction beyond

the training set by CoMFA using linear regression.

Boruta function was used for elimination of nonexplaining
descriptors. A 10-fold cross validation was chosen as a
validation method. A number of algorithms (e.g, random
forest analysis and support vector machine) were tested for
their performances on this data set (details shown in the
Supporting Information).

Comparative Molecular Field Analysis (CoMFA) for
Molecular Weight (MW) Analysis. The result of the
statistical analysis of log(MW) is shown in Figure Sa. Values
of the coefficient of determination for training data sets, Ry’
and of the coefficient of determination for test data sets, R,
are 0.89 and 0.78, respectively, suggesting a reasonably robust
model. The catalysts in the data set can be divided into two
classes: the major class includes ligands that have the same two
substituents on the phosphorus atom while the minor class (9
out of 71 entries) has two different substituents on the
phosphorus atom wherein P atom is a stereogenic center. The
model produced a significantly better prediction for the major
class, and unsurprisingly, due to limited representation in the
training set, the minor class is more poorly predicted.

Partial-least-squares (PLS) pseudocoefficient maps can be
visualized on the grid. The visualized map on Pd/PS
substituted by 2-[2,6’-(Me0O),CcH;]C¢H, is depicted in
Figure 6. The red space is positively correlated with an
increase in the polymer MW, whereas the blue space is the
opposite. As marked by a black dashed circle in the bottom of
Figure 6, the apical position ~3 A from the palladium center is
highlighted in red, meaning occupation of this position by a
substituent is correlative with an increase in the MW of the
polymer. The result is consistent with our previous
hypothesis.”* Namely, the bulkiness of the substituent
occupying the apical position is essential to obtaining higher
MW, because it blocks the f-hydrogen from the palladium and
thus suppresses the chain-terminating S-hydride elimination.
As circled by the white dashed line in Figure 6, there is a blue
area in the outside of ethylene coordinated to the palladium
center. This area is occupied when the palladium—ethylene
bond becomes long; thus this should correspond to the weak
coordination of ethylene. When the coordination of ethylene is
weak in intermediate 3, the ethylene dissociation transition
state (TS) (3 — §) is accelerated reducing the MW of the

polymer.
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Figure 6. PLS pseudocoefficient map drawn on palladium/phosphine-
sulfonate complex substituted by 2-[2',6’-(MeO),C¢H;]CcH, (red,
positive; blue, negative).

Aiming to confirm whether extrapolation was possible, data
in the limited region was used as training data with the
boundary set as log(MW) = 4.25. The result is shown in Figure
Sb. The trend of the accuracies for each data was similar to the
calculation with interpolation shown in Figure Sa, while the
extrapolation analysis shown in Figure Sb contained a relatively
larger error. Several data are significantly poorly predicted with
examples for the Pd/PS catalyst in which the phosphorus atom
is substituted by 2,4,6-(OMe);CsH, and tBu (the data
(experimental, predicted) = (4.89, 3.83)).

As described above, CoMFA successfully produced a
prediction model for the molecular weight of the obtained
polymer using a Pd/PS system. It also suggested that 3D
information on the catalysts’ effect on the MW can be
extracted. Next, to explore the effect of catalyst properties
more deeply, we probed the system by using DFT-derived
properties to build more interpretable statistical models.

Statistical Models for Ethylene Homopolymerization.
Using the parameter library as shown in Figure 4, we first
explored correlating the MW for the homopolymerization of
ethylene. LASSO regression was first used to build a
preliminary model (Figure 7a), with Ry,,> = 0.84 and R’
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Figure 7. Statistical analysis of log(MW) of ethylene polymerization using (a) LASSO regression and (b) random forest.

= 0.78, suggesting a function/parameter combination of the
model fits for training and test data.

Next, random forest (RF) was chosen for further statistical
correlation of the ethylene homopolymerization data set. In
this case, not only the MW of the resulting polymer but also
the measured catalytic activity was examined. The calculated
models were evaluated via R,.;,” and R from the training
and test sets, respectively. The resulting statistical analysis of
the MW of the polymer and polymerization activity using
random forest are shown in Figures 7b and 8, respectively.

354 Rtrain2 = 0.88

Riest? = 0.80

3.01

pred

2:51

2.0

train
test
15 2.0 25 3.0 35
exp

Figure 8. Statistical analysis of activity of ethylene polymerization
using random forest.

Ryain” and R, > were calculated for each prediction. In both
predictions, Ry,,” and R, are greater than 0.85 and 0.80
respectively, thus showing good agreement.

The important features impacting the RF fit for the MW
analysis are depicted in Table 1 with the most heavily weighted
parameter being the NBO charge on the palladium center.
Similarly, the catalytic activity was analyzed. In this case, *'P
NMR chemical shifts were found to be the most important
parameter (Table 2).

Ethylene/Methyl Acrylate Copolymerization. Encour-
aged by the meaningful analysis of the ethylene homopolyme-
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Table 1. Important Parameters for Prediction of MW of
Ethylene Polymer

parameter importance
NBO charge on Pd 1.61
average of BS value® 1.21
3P NMR chemical shift 1.21
occupancy of d? 1.04
NBO charge on S 0.94

“Average of BS value of the two substituents on phosphorus atom.

Table 2. Important Parameters for Prediction of
Polymerization Activity of Ethylene Polymerization

parameter importance
3P NMR chemical shift 1.59
average of L value® 1.50
NBO charge on Pd 1.48
occupancy of d2 0.98
reaction time 0.94

“Average of L value of the two substituents on phosphorus atom.

rization, we explored the ethylene/MA copolymerization. First,
the MW of the obtained MA/ethylene copolymers was
statistically analyzed by LASSO regression (Figure 9a). Ry,
and R, were 0.65 and 0.24, respectively, suggesting a poor
explanation of the MW in the case of MA/ethylene
copolymerization. The random forest approach was further
applied to E/MA copolymerization results by Pd/PS. The
analyses of three features of the polymerization results, namely
the MW of the copolymer, catalytic activities, and incorpo-
ration efficiency of MA into the polymer chain are depicted in
Figure 9b—d. As shown in Figure 9b,d in the cases of MW and
MA incorporation efficiency analysis, Ry;,> and Ry are larger
than 0.85 and 0.80, respectively. In contrast, in the case of
polymerization activity (Figure 9c), R, is lower than 0.75,
suggesting the model is insufficient although R, is larger
than 0.85. In the incorporation efficiency analysis, R,;,> and
R, were 091 and 0.82, respectively. For the MW of the
copolymer, R,,> and R, were calculated with randomly
separated training/test data sets through 100 iterations. The
averages of Ry;,> and R,.” were 0.92 + 0.009 and 0.73 + 0.1,
suggesting the consistently high validation score supports the
validity of the model (see Table S6 for details).
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Figure 9. Statistical analysis of MW of E/MA copolymerization using (a) LASSO regression and (b) random forest and statistical analysis of (c)
polymerization activity and (d) incorporation efficiency of E/MA copolymerization using random forest.

The important descriptors for the MW of the copolymer
(Figure 9b) are summarized in Table 3. The two most

Table 3. Important Parameters for Prediction of MW of
Ethylene/Methyl Acrylate Copolymer

Table 4. Important Parameters for Prediction of
Polymerization Activity in E/MA Copolymerization

parameter importance
average of BS parameter 3.20
% Viur 2.02
occupancy of d? 1.92
temperature 1.52
u 1.16

“Absolute chemical potential.

parameter importance
MA concentration 2.82
NBO charge on Pd 1.84
bite angle 1.57
ethylene pressure 1.48
length of Pd—ethylene 1.41

Table 5. Important Parameters for Prediction of
Incorporation Efficiency of MA in Ethylene/Methyl Acrylate
Copolymer

important parameters are the average of the BS parameter and
%Vpe The important descriptors for the polymerization
activity of E/MA copolymerization (Figure 9c) are shown in
Table 4. Finally, the incorporation efficiency of MA into the
copolymer (defined in eq 1, vide supra) was analyzed (Figure
9d), and the important descriptors are shown in Table S.
Prediction of Catalysts Candidates and Synthesis. On
the basis of the above analysis, we designed new Pd/PS-type
catalysts as follows. Many of the descriptors describe a trade-
off between the molecular weight of the polymer and
polymerization activity. Also, incorporation of MA decreases

3191

parameter importance
NBO charge on Pd 0.0308
energy level of lone pair of P 0.0211
MA concentration 0.0210
%V 0.0177
bite angle 0.0172

the activity. Among the descriptors we examined, we focused
our attention on the P—Pd—O bite angle because its
importance for polymerization activity was relatively significant
but its impact on the polymer molecular weight was predicted
to be modest. Accordingly, we assumed that an increase in bite
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Table 6. Predicted and Experimental Results for Palladium Complexes Ligated by Varying Ring Linker Phosphine-Sulfonate®
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@ pd ° oA P:Pd:MeE/CO:Pd\ Q Pd A/ P IR: oo
B 50 L od L o¢§ o L 0¢§—o L 3 e!
[¢] o e
6 7 8 9 10
R R R R R R R R R R R
= Y YENN T e N e S H Me B Me
\ / \ Me — N/ - N — Pd/ Pd/
N Pd Pd Pd s—o” L seo” L
—o _S— _S-0 L 2D 9
ch o L oﬁ o L 0’5 o) 3 o 3
1 12 13 14 15
\}? R\}? \}? \/R ””””””””
STN—B Me P. Me S O9—P Me S DB Me ‘ !
== Pd Pd == Pd == Pd . !
S*O/ N S*O/ \L S*O/ N (¢]] S*O/ N\ ' R: :
O//é 046 046 O//é § OMei
14 15 16 7
predicted experimental
entry cat. M, (10%) activity (g mmol™' h™") IR (mol %) M, (10°) PDI activity (g mmol™' h™") IR (mol %)
1 6 6.1 20 2.5 - - - -
2 7 10.3 17 2.1 - - - -
3 14.8 54 3.6 - - - -
4 9 14.0 59 2.0 - - - -
S 10 17.4 30 39 - - - -
6 11 17.4 44 3.8 - - - -
7 12 11.1 76 4.5 - - - -
8 13 17.6 79 4.3 - - - -
9 14 17.6 91 4.4 1.9 2.0 64 34
10 15 19.0 117 34 12.1 2.2 152 5.0
11 16 17.6 41.9 2.6 2.5 2.1 339 2.7
12 17 17.4 40.3 2.6 6.6 2.1 156 3.8

“The prediction was done for the following conditions: catalyst (10 gmol), methyl acrylate (1.0 M in toluene, total 20 mL), and ethylene (3.0
MPa) in a 50 mL autoclave for 3 h at 80 °C. ®The polymerizations were done under the following conditions: catalyst (0.25 gmol in 100 uL of
CH,Cl,), methyl acrylate 3 mL, toluene 11.9 mL, and ethylene (3.0 MPa) in a 50 mL autoclave for 1.5 h at 80 °C. “The incorporation ratio (IR)
for the prediction was calculated from the predicted incorporation efficiency, and the IR for experiments was determined by quantitative *C NMR

analysis.

angle would result in higher polymerization activities without a
decrease in polymer molecular weight. To increase the bite
angle, phosphine-sulfonate complexes bearing five-membered
ring linkers, 6—9 and 12—14, were evaluated with our model,
although it should be noted that this type of catalyst is not
included in the training data. Therefore, we were aware that
these new catalysts would be considered significant extrap-
olations of the statistical models. To investigate the effect of
the heteroatom, complexes 10 and 11 were also considered.
The calculated values are shown in Table 6 (vide infra for
complexes 16 and 17). As shown, complex 14 having a 3,4-
thienylene linker was predicted to give a polymer molecular
weight and polymerization activity comparable to those of the
standard catalyst 15 (compare entries 9 and 10 in Table 6). In
addition, the incorporation ratio of methyl acrylate with 14 is
predicted to be higher than that with 15. On the basis of this
prediction, we next synthesized 14.

Synthesis and Structural Analyses of 14 and Its
Derivatives 16 and 17. To synthesize complex 14, the
following route toward ligand precursors 20—22 (Scheme 3a)
was established: isobutyl ester 19 derived from sulfonyl
chloride 18 was mixed with bis(o-anisyl) chlorophosphine
and then treated at 0 °C with TMPMgCI-LiCl, furnishing the
dichloro ligand precursor 20. Double dehalogenation of 20
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using catalytic Pd/C with an excess of magnesium metal in
MeOH gave the desired dihydro ligand precursor 21 in 64%
isolated yield. Monochloro ligand precursor 22 was also
accessed in 93% yield by the selective and quantitative C—Cl
magnesiation of the 2-position but not the S-position of 20.
While the dihydro ligand derivative 21 readily oxidized in air,
the electron-deficient chlorinated derivatives 20 and 22 were
more oxygen tolerant, which allowed their purification by
standard benchtop column chromatography. Ligands 20—22
were first allowed to react with PdMeCl(cod) furnishing
intermediate phosphine—sulfonic ester complexes, which upon
addition of 2,6-lutidine quantitatively interconverted to the
respective palladium complexes 14, 16, and 17 (Scheme 3b).
After crystallization from the crude mixtures, 14, 16, and 17
could be isolated as colorless crystals in 76, 88, and 94% yield,
respectively.

The molecular structures of complexes 14, 16, and 17 were
further analyzed by single crystal X-ray diffraction (Figure 10).
Larger P—Pd—O angles were detected in complex 14
(97.08(4)°) as well as monochlorinated 16 (96.30(3)°)
when compared to the conventional phenylene linker P/S
catalyst 15 (95.00(6)°; CCDC-659797). In contrast, the
dichlorinated 17 (86.91(5)°) exhibited a much smaller bite
angle. A possible explanation is that, in 17, the larger chlorine
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Scheme 3. Syntheses of (a) Ligands 20—22 and (b) Complexes 14, 16, and 17

a) Synthesis of ligands 20-22

P—Cl { : 9} ( z
1.add 1 eq | | i )
atRT _=~° _=(°
cl iBuOH cl in THF P a® W 2% Pd/C HO
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o ’ o oy 2addiieq o & oiu H & oBu
o o in THF N-MgCl-LiCl o o
at0°c 20 21
18 19 11.59 g, 80% yield 64% yield
7.82 g, 63% yield
|
O
b) Synthesis of complexes 14/16/17 1. Mg fumings cFO (pj
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16: R=ClI, R' = H, 88% yield
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Figure 10. Molecular structures of 14 (left), 16 (middle), and 17 (right) in the crystal. (ORTEP drawn at 50% probability; all but the thiophene H
atoms and the cocrystallized CH,Cl, molecule in 16 are omitted for clarity; only one disorder position for the 2,6-lutidine ligands in 14, 16 and 17
and a methoxy group in 17 are shown; data for the second disorder position are shown in brackets respectively.) Selected bond lengths (A) and
angles (deg) for 14: Pd—C1 2.026(3), Pd—P 2.2287(5), Pd—0 2.1626(17), Pd—N 2.12(2) (2.131(3)), C1—Pd—P 87.94(6), C1—-Pd—N 91.4(9)
(89.29(14)), P—Pd—O 97.08(4), O—Pd—N 83.7(9) (85.64(14), O—S—C3—C2 54.39(11); sum of angles around Pd (C1/P/O/N): 360.12
(359.95). For 16: Pd—C1 2.0378(16), Pd—P 2.2468(4), Pd—0 2.1809(10), Pd—N 2.15(3) (2.136(3)), C1—Pd—P 88.66(5), C1—Pd—N 89.5(10)
(89.41(11), P—Pd—0 96.30(3), O—Pd—N 85.6(10) (85.62(10)), O—S—C3—C2 57.46(12); sum of angles around Pd (C1/P/O/N): 360.06
(359.99). For 17: Pd—C1 2.028(2), Pd—P 2.2309(6), Pd—O 2.1728(13), Pd—N 2.127(8) (2.121(6)), C1—Pd—P 93.21(8), C1-Pd—N 87.3(2)
(87.23(18)), P—Pd—0 86.91(S), O—Pd—N 92.47(19) (92.57(17)), O—S—C3—C2 22.33(19); sum of angles around Pd (C1/P/O/N): 359.89

(359.92).

substituent on the 2-position of the thiophene ring causes a
rotational restriction of the sulfonate group, whereas for 14
and 16 a smaller hydrogen substituent on the analogous
positions allows a rotation and relaxation of the same. The
restriction is also reflected in the O—S—C3—C2 angles for 14
(54.39(11)°) and 16 (57.46(12)°), which lead to a
significantly larger tilt of the Pd-coordinated sulfonate oxygen
out of coplanarity with the thiophene unit in comparison with
17 (22.33(19)°). Still, all three catalysts show near-perfect
square-planar coordination environments with sums of angles
around the Pd atoms between 359.89 and 360.12° for 14, 16,
and 17.

Experimental Evaluation of Thiophene-Based Cata-
lysts 14, 16, and 17 and Comparison with Predictions.
We then applied the new catalysts 14, 16, and 17 to the

3193

copolymerization of methyl acrylate with ethylene and
compared their performances with that of the reference
catalyst 15 under the same reaction conditions. The results
are summarized in Table 6. The reference catalyst 15 exhibited
lower M,, higher activity (entry 4), and higher incorporation
ratio under our experimental conditions (12.1 kg mol™’, 152 kg
mol™" h™', 5.0 mol %), compared to the predicted values in
Table 6, entry 10 (5.2 kg mol™, 123 kg mol™ h™’, 4.2 mol %).
The difference may be attributed to the lower catalyst loading
(0.25 pmol) compared to the value used for prediction (10
umol).

Contrary to our expectations in Table 6 (similar M, and
activity with slightly higher incorporation ratio with 14
compared to 15), the dihydro complex 14 produced an
ethylene/MA copolymer with a much lower M, of 1.9 kg
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mol™" and catalytic activity of 64 ¢ mmol™' h™" with a lower
incorporation ratio of 3.4% (Table 6, entry 9). Of particular
note and rather unexpectedly, S-monochlorinated 16 showed
an M, of 2.7 kg mol™' with a more than 2-fold increase in
activity of 339 kg mol™" h™' albeit with a lower MA
incorporation of 2.7% (Table 6, compare entries 9 and 10).
The 2,5-dichlorinated catalyst 17 further increased the M, to
3.8 kg mol™' with 156 kg mol™' h™' activity and 3.4%
incorporation of MA (Table 6, entry 12). We then calculated
the prediction values for 16 and 17 with our model. The
results are shown as entries 11 and 12 in Table 6. The activities
for 16 and 17 were both predicted to be lower than that for 14
or 15, which is inconsistent with the higher activity
experimentally determined using 16.

Thus, the relationship of the molecular structures from
single crystal X-ray crystallography to the catalytic performance
as of now is not clear. However, the unexpected observation
that increased chlorination of the thiophene linker led to
increased catalyst performances for 16 and 17 over 14 suggests
why the predictions from the statistical models do not match
the observed results. Specifically, the training set mainly
contained catalysts with ligand backbones containing six-
membered phenyl linkers, and P/S catalyst examples
containing five-membered ligand backbones remain rare in
the literature. Furthermore, the electronic perturbation due to
the linker is also not represented in the literature. Therefore,
the poor prediction of the experimental performances of the
thiophene derived catalysts 14, 16, and 17 is perhaps not
surprising. Nevertheless, the performances of the novel
chlorinated thiophene sulfonate catalysts 16 and 17 com-
parable with that of the well-established reference system 15
were unexpected and provide a foundation for exploring novel
PS-type catalysts in the future.

B CONCLUSION

Molecular features impacting the ethylene homopolymeriza-
tion and copolymerization with MA catalyzed by palladium
complexes ligated by phosphine-sulfonate were analyzed by
means of a number of data science tools. These analyses led to
the identification of ligand features important for the resultant
molecular weights of the obtained polymers: (1) The larger
maximum width of the substituents on the phosphorus atom
described by the BS parameter results in higher molecular
weight in both ethylene homopolymerization and ethylene/
methyl acrylate copolymerization. (2) The higher electron
density on the palladium center causes higher molecular weight
by sacrificing catalyst activity in both types of polymerization
reactions. While these findings are consistent with the reported
tendencies, some new findings were uncovered. (3) The lower
occupancy of the palladium d;> orbital results in increases of
molecular weight and catalyst activity in both types of
polymerization reactions. (4) The larger bite angle of the
ligand increased the activity of the ethylene/methyl acrylate
copolymerization without affecting the molecular weight. On
the basis of these predictions, three Pd/(partially chlorinated)
thiophene based PS complexes were synthesized. Unexpect-
edly, the chlorinated complexes led to higher catalytic activity
in the MA/ethylene copolymerization. One explanation for the
experimental deviations from the statistical models likely lies in
the underrepresentation of five-membered ring type PS
catalysts and halogenated linkers in model training. Lengths/
widths of ligands or bite angles are not solely steric factors, but
these are hybrid parameters that likely account for the
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electronic impact as well. Future work will exploit this new
finding in the development of improved catalysts while also
incorporating data to enhance the predictive statistical models.
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