Downloaded via UNIVERSITA STUDI TRIESTE on March 3, 2022 at 08:29:35 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Bl Catalysis e

pubs.acs.org/acscatalysis Research Article

Tunable “In-Chain” and “At the End of the Branches” Methyl
Acrylate Incorporation in the Polyolefin Skeleton through Pd(ll)
Catalysis

Chiara Alberoni, Massimo C. D’Alterio, Gabriele Balducci, Barbara Immirzi, Maurizio Polentarutti,
Claudio Pellecchia, and Barbara Milani*

Cite This: ACS Catal. 2022, 12, 3430-3443 I: I Read Online

ACCESS | [ihl Metrics & More ’ Article Recommendations | Q Supporting Information
ABSTRACT: The synthesis of functionalized polyolefins through N ar
coordination—insertion polymerization is a highly challenging ( )PdiMe

9 N .
reaction. The ideal catalyst, in addition to showing a high ~S+SsHAoye————

productivity, has to be able to control the copolymer micro- n° OM':I,;A)

structure and, in particular, the way of the polar vinyl monomer in CH,Cl, in TFE
incorporation. In this contribution, we modified the typical N\”\/NT* (\T+ N/“NT" T&'ﬁ? Nf\NT * NN
Brookhart’s catalyst by introducing in the fourth coordination S P” Me C“Pﬁ ﬁ'Pd /Pdr
site of palladium a hemilabile, potentially bidentate ligand, such as OMe g Meo MeO™ ™ MeO” SO

a thiophenimine (N—S). The obtained cationic Pd(I) complexes, Resting state
[Pd(Me)(N—N)(N—S)][PF4], generated active catalysts for the 12 3\8 40 60 L

ethylene/methyl acrylate (MA) copolymerization leading to the
desired copolymer with a different incorporation of the polar
monomer depending on both the reaction medium and the N—S ligand. Surprisingly enough, the produced copolymers have the
inserted acrylate both at the end of the branches (T(MA)) and in the main chain (M(MA)) in a ratio M(MA)/T(MA) that goes
from 9:91 to 45:55 moving from dichloromethane to trifluoroethanol (TFE) as a solvent for the catalysis and varying the N—S
ligand. The catalytic behavior of the new complexes was compared to that of the parent compound [Pd(Me)(N—N)(MeCN)][PF],
highlighting the fact that when the copolymerization is carried out in trifluoroethanol, this complex is also able to produce the E/MA
copolymer with MA inserted both in the main chain and at the end of the branches. Accurate NMR studies on the reactivity of the
precatalyst [Pd(Me)(N—N)(MeCN)][PF,] with the two comonomers allowed us to discover that in the fluorinated solvent, the
catalyst resting state is an open-chain intermediate having both the organic fragment, originated from the migratory insertion of MA
into the Pd—Me bond, and the acetonitrile coordinated to palladium and not the six-membered palladacycle typically observed for
the Pd-a-diimine catalysts. This discovery is also supported by both DFT calculations and in situ NMR studies carried out on
[Pd(Me)(N—N)(N—S)][PF4] complexes that point out that N—S remains in the palladium coordination sphere during catalysis.
The open-chain intermediate is responsible for the growth of the copolymer chain with the polar monomer inserted into the main
chain.

KEYWORDS: palladium, polar vinyl monomers, copolymerization, functionalized polyolefins, microstructure, resting state

1. INTRODUCTION desirable materials. However, the introduction of polar groups
Polyolefins, such as polyethylene and polypropylene, constitute into the polyolefin skeleton is a challenging process and the
the most widespread materials in our modern society. They direct, controlled, homogeneously catalyzed, copolymerization

show an exceptional property profile that allows their
application in manifold sectors, from food packaging to
materials for health care, to functional textiles, to engineering
plastics, etc.' However, at the same time, they suffer from low
surface properties that are possible to improve through the
introduction of polar functional groups into their otherwise Received: November 19, 2021
nonpolar skeleton, leading to functionalized polyolefins. The Revised:  February 14, 2022
presence of heteroatoms might certainly offer further different

advantages, opening, as an example, to more efficient plastic

degradation processes, thus facilitating their chemical re-

cycle.”” Therefore, functionalized polyolefins are highly

of ethylene with polar vinyl monomers represents today the

most promising, environmentally friendly, and powerful

approach to achieve it.*
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Chart 1. General Structure of a Pd Catalyst and Examples of Reported Ancillary Ligands
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Starting from the Brookhart’s pioneering work9 followed leads to linear E/MA copolymers with 60% of MA into the
by Drent’s catalytic system and its variations,"' " the typical main chain and the remaining 40% as terminating end-groups

homogeneous catalysts applied to this reaction are based on
cationic/neutral Pd(II) complexes of general formula [Pd-
(Me)(L—X)(Y)]*’°, having in the coordination sphere a
methyl group, a bidentate ligand L—X (L = N, P, carbene C;
X = N, O), and a monodentate ligand Y (Y = acetonitrile,
dlethyl ether, pyridine or its substituted derivatives) (Chart
1).°

In addition to showing a high productivity, the ideal catalyst
has to be able to control macromolecular features such as
molecular weight and molecular weight distribution, the
amount of polar monomer incorporation, macromolecule
microstructure (i.e., linear or branched polymers), and the
way of polar monomer enchainment. In this context, focusing
on the copolymerization of ethylene (E) with methyl acrylate
(MA), the microstructure of the corresponding macro-
molecules is strictly related to the nature of L—X: when
phosphino-sulfonate (P—O) ligands are used (L1, Chart 1),
linear macromolecules with the polar monomer inserted into
the main chain (M(MA)) are produced,'* whereas in the case
of a-diimines (N—N; L2, Chart 1), branched copolymers with
the polar monomer at the end of the branches (T(MA)) are
obtained.">"” Additional classes of ligands emerged in the last
10 years. As an example, chelating bisphosphine monoxide
featuring diarylphosphino groups generate highly active
catalysts for E/MA copolymerization leading to linear
copolymers of low—moderate molecular weight, with MA
randomly distributed into the main chain (L3, Chart 1)."*
Almost an exclusive incorporation of MA into the main chain
was reported with the phosphino-(diethyl phosphonate)
ligand, whereas its bis(diethyl phosphonate) counterpart
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(L4 and LS, respectively, Chart 1)."” Other considered ligands
are phosphine-phosphonic amide (L6, Chart 1)*° and
phosphine-phosphonic diamide,”’ whose palladium catalysts
lead to E/MA copolymers with higher molecular weight than
those obtained with P—O catalysts, and the catalyst with L7
(Chart 1) shows also a high productivity up to 740 kg of
copolymer per mol of palladium (kg CP/mol Pd).

In other few examples (L8 and L9, Chart 1), ligands with
NHC carbene in place of the phosphorus atom were used. The
relevant palladium catalysts produce linear E/MA copolymers
with moderate yields, molecular weight, and amount of the
incorporated polar monomer.””*’

To the best of our knowledge, up to now, only two examples
of Pd catalysts with a-diimines leading to E/MA copolymers
with MA inserted preferentially into the main chain have been
reported. In one case, the catalyst is a dinuclear complex based
on a double-decker a-diimine (L10, Chart 1), and the trapping
of the acrylic ester into the main chain is attributed to a
synergistic effect between the two close palladium ions.”* In
the other, the Pd catalyst has a highly encumbered a-diimine
(L11, Chart 1) and the incorporation of MA into the main
chain is ascribed to its migratory insertion into the Pd—C bond
with a primary regiochemistry instead of the secondary
regiochemistry typical for catalysts with a-diimines.”**°

Finally, different kinds of enchainment were found in the E/
MA copolymers and cooligomers produced with Ni(II)
catalysts modified with pyridylimines, the macromolecular
microstructure being dependent on the method of precatalyst
activation.”’

https://doi.org/10.1021/acscatal.1c05326
ACS Catal. 2022, 12, 3430—3443
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Among the several tested catalysts reported in the literature,
only few of them have ancillary ligands modified with specific
substituents able to establish weak, secondary interactions with
either palladium or ligands bonded to it. These interactions
were considered to be responsible for the control of the degree
of branching of the produced macromolecules. For instance,
the catalyst with the amide-modified a-diimine shows a H-
bonding interaction with the Pd-chlorido fragment that
resulted in a higher incorporation of MA and a low degree
of branching with respect to the catalyst where this group was
not present (L12, Chart 1).*® The branching degree was also
modulated using Pd catalysts based on sterically hindered a-
diimines with an acenaphthene skeleton (L13, Chart 1).
Despite the low productivity, these catalysts led to E/MA
copolymers with a low branching degree that was considered as
a result of 7— stacking interactions between the skeleton and
one of the peripheral phenyl rings on the aryl groups.”” The
introduction of either a naphthalene or a benzothiophene
group on the benzhydryl-derived a-diimine led to Pd catalysts
being able to produce high molecular weight, relatively linear,
semicrystalline E/MA copolymers (L14, Chart 1).*

Moreover, very recently, a paper appeared reporting that the
addition of a polar additive, such as acrylonitrile, in large excess
with respect to the catalyst with L11, resulted in lowering the
branching degree in polyethylene synthesis and opened the
way to the preparation of E/MA diblock copolymers.*’

Despite the extensive research in the field, no industrial
application is currently operative for the catalytic ethylene/
polar vinyl monomer copolymerization reaction, which is
recognized as “the polar monomer problem”.””

As an alternative strategy to the largely investigated ligand
design and a few other approaches applied, i.e., phase-transfer
catalyst activation or redox-controlled polymerization,** we
have now investigated the replacement of the Y ligand on the
palladium coordination sphere with a hemilabile, potentially
bidentate one, choosing thiopheneimines, N—S, as candidates.
For this system, here, we report the effect of both the reaction
medium and the hemilabile ligand on the microstructure of the
obtained ethylene/methyl acrylate copolymers, together with
DFT calculations and mechanistic investigations by NMR
spectroscopy to shed light on the possible role played by both
the solvent and N—S during the catalytic process.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of Pd Complexes.
With the aim mentioned above, we have synthesized a series of
palladium(II) complexes of general formula [Pd(Me)-
(MeDAB)(N—S)][PF4] (N—S = phenyl-thiophen-2-ylmethy-
lene-amine 18", (3,5-dimethyl-phenyl)-thiophen-2-ylmethy-
lene-amine 1S™¢, 3,5-di(trifluoromethyl)-phenyl)-thiophen-2-
ylmethylene-amine 18“*?), having coordinated to palladium
both the simple @-diimine, MeDAB, introduced by Brookhart,”
and a thiopheneimine (Scheme 1).

The methodology applied for the synthesis of thiophenei-
mines was based on the condensation reaction of 2-
thiophenecarboxaldehyde with the desired aniline. In partic-
ular, S™* was obtained by slightly modifying the literature
procedure reported for the synthesis of S*° while S was
synthesized by a new procedure based on the use of microwave
irradiation. The characterized thiopheneimines (Figures S1—
S9) were used to synthesize the monocationic Pd(II)
complexes 18", 18™¢, and 1S“** through a simple substitution
reaction of the coordinated acetonitrile on compound
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Scheme 1. Synthesis of Complexes under Investigation
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[Pd(Me)(MeDAB)(MeCN)][PF4], 1 (Scheme 1). The
desired complexes, isolated as yellow solids, in yields from
moderate to high, were characterized in solution by NMR
spectroscopy. In the '"H NMR spectra, recorded in CD,Cl, at
room temperature (Figures S10—S21), the coordination of N—
S is clearly demonstrated by: (i) the signals of its protons at
chemical shifts different from those of the free ligand; (ii) the
change in the resonance frequency for the protons of both
MeDAB and Pd—Me with respect to 1, e.g., the singlet of Pd—
Me is shifted to higher frequency (from 0.34 ppm in 1 to 0.47
ppm in 18" 045 ppm in 18™¢ 0.47 in 1S°¥); (iii) the
increased number of peaks for MeDAB protons due to the
square planar plane not being a mirror plane any longer. In
particular, the proton resonances of one of the two halves of
MeDAB are easily assigned thanks to their remarkable shift to
low frequency (from 2.22 ppm in 1 to 1.84 and 1.39 ppm in
1S™, 1.85 and 1.44 ppm in 1S™, 1.86 and 1.47 in 1S*3) due
to the ring current effect of the aryl ring on the iminic fragment
of N=S in cis to it. This also indicates that N—S is N-bonded
to palladium. Notably, the iminic proton of N—S resonates at
lower frequency with respect to the free molecule (A5 = 0.32—
0.23 ppm). In analogy to the palladium coordination of
pyridylimines,”* ™" this shift indicates that N—S is in the E,syn
conformation, suggesting the orientation of the sulfur atom
toward palladium (Scheme 2).

Scheme 2. E,anti and E,syn Conformations for the N—S

Ligand
o= O

E,anti E,syn

For 18™ and 1S8™¢, single crystals suitable for character-
ization by X-ray diffraction were obtained upon layering n-
hexane on a CD,Cl, solution of the complexes kept at 277 K
for 15 days. The structure in the solid state is in agreement
with the one present in solution on the basis of NMR analysis.
The palladium ion has the expected square planar coordination
geometry with the a-diimine acting as a chelating ligand and
the thiopheneimine as a monodentate one bonded to the metal
center through the nitrogen atom, whereas the sulfur atom
occupies an apical position at distances of 3.100(1) and
3.328(2)/3.125(2) A from palladium for 18™ and 1S™e
respectively (Figures la and S22, Table S1). In the case of

https://doi.org/10.1021/acscatal.1c05326
ACS Catal. 2022, 12, 3430—3443


https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c05326/suppl_file/cs1c05326_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c05326/suppl_file/cs1c05326_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c05326/suppl_file/cs1c05326_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c05326/suppl_file/cs1c05326_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c05326?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c05326?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c05326?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c05326?fig=sch2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c05326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

7
e ()
) Y S 7
pye : N21/ A
ORA™2L S0y N2 )

L

N T D
st 4

(b)

Figure 1. (a) ORTEP drawing (50% probability ellipsoids) of the molecule of 18" in the crystal structure. Hydrogen atoms and the PF¢~ anion
have been omitted for the sake of clarity. (b) Calculated (optimized) molecular structure of complex 18" with the obtained bond paths connecting
all of the nonhydrogen atoms. Black dots represent the bond critical points.

(a)

(b)

Figure 2. (a) Isosurface plot (isovalue: 3.0 X 107> e/Bohr’) for the 7 symmetrical molecular orbital at —1.13 €V in Figure S24, which extends over
both Pd and S atoms. (b) Molecular structure of complex 1S™ with the same orientation as in panel (a), to help the reader match the isosurface to

the atoms in the complex molecule.

18™, a 7—7 stacking interaction between the aryl ring of the
N-S ligand and the substituted aryl of MeDAB cis to it is
suggested by the pertinent geometrical parameters (dihedral
angle made by the least-squares planes through the rings: 9.0°,
centroid—centroid distance: 3.8 A, centroid displacement
measured on the average plane of the rings: 1.8 A). On the
other hand, in the case of 18", the geometrical parameters for
the same intramolecular 7z—7 stacking interaction are less
favorable (ring—ring dihedral angle, centroid distance, and
centroid displacement—as defined above—are 16.5°, 4.3 A,
3.3 A, and 17.8° 4.7 A, 3.5 A for the two crystallographically
independent molecules, respectively), suggesting that crystal
packing plays a significant role in determining this kind of weak
interaction.

The Pd-S interaction in the solid state for complex 18
was characterized by application of the methodology of
quantum theory of atoms in molecules (QTAIM).*® Starting
from the experimental molecular structure in the solid state, a
geometry relaxation was performed and the charge density of
the relaxed structure was calculated in the frame of density
functional theory (DFT). The topological analysis of this latter
evidenced the presence of a bond path connecting Pd and S
(Figure 1b). The electron density p. and its Laplacian V?p, at
the bond critical point (BCP) are 1.73 X 107> e/Bohr’ and
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3.85 X 1072 e/Bohr’, respectively, indicating a weak, closed
shell, coordination interaction.”® This is confirmed also by the
contour plot of V?p on the average plane defined by the Pd—
N—thiophene moiety (Figure S23a), which shows the typical
contraction of electronic charge toward the nuclei, ie., away
from the BCP, qualitatively similar to the topology of V*p on
the [N N Pd N C] equatorial plane (Figure S23b). Further
evidence of the Pd---S interaction comes from the analysis of
the calculated electronic structure. The projection of the
density of states (DOS) onto the atomic orbitals of Pd and S
shows a small but noticeable overlap of Pd-d and S-p orbitals
(Figure S24), which can be further evidenced with the
isosurface plot of the square modulus of the corresponding
molecular orbitals (Figure 2).

This structural analysis clearly supports the presence of a
weak interaction between the Pd ion and sulfur atom in the
complexes under investigation.

2.2. Ethylene/Methyl Acrylate Copolymerization.
Complexes 18™, 18M¢, and 1S were tested as precatalysts
for the ethylene/methyl acrylate copolymerization by carrying
out the reaction either in 2,2,2-trifluoroethanol (TFE) or in
dichloromethane (DCM), under two sets of reaction
conditions differing for the [MA]/[Pd] ratio and the ethylene
pressure (Pyg), referenced as set A for [MA]/[Pd] = 594 and Py

https://doi.org/10.1021/acscatal.1c05326
ACS Catal. 2022, 12, 3430—3443
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Table 1. Ethylene/Methyl Acrylate Copolymerization: Effect of N—S and the Solvent™”

entry precat. solvent yield (g) kg CP/mol Pd*
1 1 TFE 1.3917 66.27
2 18¢F3 TFE 1.2608 60.04
3 1s™ TFE 0.5130 24.43
4 1sMe TFE 0.3521 16.77
S 1 DCM 0.9692 46.15
6 18€F DCM 1.0134 4826
7 1s™ DCM 0.7411 35.29
8 18Me DCM 0.4105 19.55

TON®
MA (mol %)% E MA M, kDa (M,/M,)" Bd%¢
3.6 2095 79 24.6 (1.88) 93
32 1919 72 27.0 (2.12) 98
3.1 793 25 20.0 (1.64) 101
2.9 547 16 147 (1.77) 103
4.8 1425 72 6.0 (2.18) 90
49 1446 78 8.2 (2.11) 87
32 1141 38 10.0 (2.03) 92
3.6 625 23 12.4 (2.00) 95

“Precatalyst: [Pd(Me)(MeDAB)(N-S/L)][PF]. PReaction conditions: Set A: fipg = 2.1 X 1075 mol, V,opyent = 21 mL, Vyya = 1.130 mL, [MA]/[Pd]
= 594, P; = 2.5 bar, T = 308 K, t = 6 h. “Productivity in kg CP/mol Pd = kilograms of copolymer per mol of palladium calculated on the isolated
yield. “Amount of inserted MA in mol % calculated by 'H NMR spectroscopy on the isolated product. “Turnover number = mol of substrate
converted per mol of Pd. /Determined by GPC. #Branching degree expressed as the number of branches per 1000 carbon atoms.

Table 2. Ethylene/Methyl Acrylate Copolymerization: Effect of N—S and the Solvent™”

entry precat. solvent yield (g) kg CP/mol Pd“
1 1 TFE 1.0245 48.78
2 1<% TFE 0.9874 46.89
3 18t TEE 0.5509 26.23
4 1sMe TFE 0.3924 18.68
5 1 DCM 1.0380 49.43
6 18¢F3 DCM 0.9935 47.31
7 1s™ DCM 0.6266 29.84
8 18Me DCM 0.4410 21.15

TON®
MA (mol %)% E MA M, (M,/M,Y Bd%¢
4.0 1524 84 23.4 (1.19) 93
32 1519 50 30.4 (1.81) 100
34 844 30 18.0 (1.98) 98
34 601 21 12.3 (1.89) 97
4.8 1532 64 5.0 (2.00) 93
5.1 1446 78 5.4 (1.94) 93
4.0 943 39 11.0 (2.22) 90
3.9 670 27 9.0 (1.89) 88

“Precatalyst: [Pd(Me)(MeDAB)(N-S/L)][PFq]. “Reaction conditions: Set B: npg = 2.1 X 1075 mol, V,jene = 21 mL, Vyg = 2.260 mL, [MA]/[Pd]
= 1188, Py = S bar, T = 308 K, t = 6 h. “Productivity in kg CP/mol Pd = kilograms of copolymer per mol of palladium calculated on the isolated
yield. “Amount of inserted MA in mol % calculated by '"H NMR spectroscopy on the isolated product. “Turnover number = mol of substrate
converted per mol of Pd. "Determined by GPC. #Branching degree expressed as number of branches per 1000 carbon atoms.

= 2.5 bar, and set B for [MA]/[Pd] = 1188 and Pg = S bar in
the following. Their catalytic behavior was compared to that of
the parent compound 1 (Tables 1 and 2).

All complexes generated active catalysts for the production
of E/MA copolymers, isolated either as gums when the
reaction was carried out in TFE, or as oils when DCM was the
reaction medium. The copolymers were characterized by GPC
and NMR spectroscopy to determine, respectively, the
molecular weight and molecular weight distribution, and the
amount of incorporated polar monomer together with the
macromolecule microstructure.

In both solvents and for both sets of reaction conditions, a
progressive decrease in productivity is found moving from 1 to
1S3 1™ and 1SM¢ (Tables 1 and 2). The trend inside the
series of catalysts with the N—S ligand seems to be related to
its coordinating capability, which is expected to increase in the
same order indicating the inhibiting effect of the more
coordinating ligand with respect to acetonitrile. On the other
hand, decomposition to the inactive palladium metal was
observed only when the reaction was carried out in
dichloromethane with precatalyst 1 or 18", Thus, the higher
productivity achieved in trifluoroethanol with respect to
dichloromethane, under set A of reaction conditions (Table
1, entries 1 and 2 vs S and 6), is mainly due to the capability of
the fluorinated solvent to stabilize the Pd—H intermedi-
ate,*~** which is the species of the catalytic cycle prone to
evolve to palladium metal. On the other hand, the decrease in
productivity found in TFE with 1 and 18 moving from set A
to set B of the reaction conditions (Table 1 entries 1 and 2 vs
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Table 2 entries 1 and 2) might be related to the inhibiting
effect of the polar monomer that, under set B of reaction
conditions, becomes more relevant due to its higher
concentration. When copolymerizations were carried out
with precatalysts 1S™ or 1S™¢ both in TFE and DCM, no
decomposition to palladium black was evident, indicating that
the N—S ligand contributes to stabilize the active species. In
addition, with these precatalysts, the inhibiting effect of N—S is
slightly more pronounced in trifluoroethanol than in dichloro-
methane, as suggested by the lower productivity achieved in
the fluorinated solvent (Tables 1 and 2, entries 3 and 4 vs 7
and 8).

The produced copolymers have M, values in the range 5—30
kDa and rather narrow molecular weight distributions (M,,/M,
range between 1.2 and 2.2, see Tables 1 and 2). The most
relevant trend is the significantly higher molecular weight of
the copolymers prepared in TFE with respect to those
obtained in DCM, for all of the catalysts and set of conditions.
Catalyst 18* in TFE affords the copolymer with the highest
M, (27.0 and 30.4 kDa under set A and set B conditions,
respectively). For comparison, the same catalyst gives much
lower M, in DCM (8.2 and 5.4 kDa, see Tables 1 and 2).

The content of the inserted polar monomer is in the range
2.9-5.1 mol % (Tables 1 and 2). Regardless of the reaction
conditions and the precatalyst, the copolymers synthesized in
dichloromethane have a slightly higher content of methyl
acrylate than those obtained in trifluoroethanol.

NMR characterization of the copolymers indicates that all of
them are branched macromolecules with the degree of
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Figure 3. Ethylene/MA copolymerization: effect of the precatalyst and solvent on the way of MA enchainment as calculated by *C NMR
spectroscopy on the isolated product (M(MA) = methyl acrylate in the main chain of copolymers synthesized in TFE and DCM, blue and red bars,
respectively; T(MA) = methyl acrylate at the end of the branches of copolymers synthesized in TFE and DCM, light blue and light red bars,
respectively). Reaction conditions: (a) Set A, Table land (b) Set B, Table 2.

branching in the range of 87—103 branches per 1000 carbon
atoms (Tables 1 and 2). Regardless of the applied set of
reaction conditions and the precatalyst, the degree of
branching for the copolymers synthesized in TFE is higher
than the one relative to the macromolecules produced in
DCM. Moreover, the macromolecules produced in TFE with
precatalysts having the N—S ligand are slightly more branched
than those obtained with 1.

The most relevant effect of both the solvent and N—S is
related to the methyl acrylate enchainment. As probed by *C
NMR spectra, in all of the produced macromolecules, MA is
inserted both in the main chain (M(MA)) and at the end of
the branches (T(MA)), with the latter prevailing (Figures 3
and S27-S30). This kind of enchainment represents a key
difference with respect to the microstructure of E/MA
copolymers synthesized with the reported Pd-a-diimine
catalysts in dichloromethane that have the polar monomer
almost exclusively at the end of the branches.”"

The M(MA)/T(MA) ratio varies with the precatalyst,
solvent, and set of reaction conditions. In particular, it is
notable that regardless of the precatalyst and reaction
conditions, a considerable increase in the percentage of
M(MA) is achieved when the catalysis is carried out in
trifluoroethanol with respect to dichloromethane (Figure 3,
Tables S3 and S4): as an example, when 1 is used (under set B
of reaction conditions), the macromolecules synthesized in
TFE have M(MA)/T(MA) 40:60, whereas for those
obtained in DCM, the ratio is 12:88 (Figure 3b, Table S4).

As for the set of reaction conditions, an increase of M(MA)/
T(MA) is found going from set A to set B, and the effect is
more pronounced for the macromolecules produced in TFE
(Figure 3a vs Figure 3b, Table S3 vs Table S4). In particular, in
this solvent, almost a 1:1 ratio is found for the copolymers
produced with 1S™¢ under set B of conditions (Figure 3b,
Table S4). Moreover, under these reaction conditions, a clear
trend of the M(MA)/T(MA) ratio with the N—S ligand is
evident: the ratio increases in the order 1S°F < 18™ < 1§M¢,
whereas in the other cases, the highest ratio is obtained with
18" (Figure 3, Tables S3 and S4). These data indicate that the
peculiar enchainment of MA is due to both the solvent and N—
S ligand present in the catalyst.

Focusing on precatalyst 1S™ the effect of catalytic
parameters, like temperature, precatalyst concentration, and
methyl acrylate to palladium ratio, was assessed in trifluor-
oethanol under set A of reaction conditions. An increase in
productivity, reaching the value of 79 kg CP/mol Pd, and in
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the amount of inserted MA—up to 5.5 mol %—was found
going from 308 to 328 K, together with a decrease in the
M(MA)/T(MA) ratio (Table SS). At T = 328 K, the
formation of inactive palladium black was evident at the end
of the reaction.

The increase of precatalyst concentration resulted in a
decrease in productivity together with an increase in the
content of the inserted MA (Table S6), suggesting that
polynuclear species might be involved in catalyst deactivation,
as we previously observed for catalysts with a-diimine ligands
having a phenanthrene skeleton.*’

In agreement with the literature, the increase in the
[MA]/[Pd] ratio, investigated by varying the amount of the
polar monomer in the reaction mixture, resulted in a linear
increase in the content of inserted MA—up to 7.9% at [MA]/
[Pd] = 3782—together with a decrease in both productivity
and degree of branching, and apparently a slight increase in the
M(MA) to T(MA) ratio, in line with the inhibiting effect of
the polar monomer (Table S7).

Complexes 18", 18™¢, and 18°*3 generated active catalysts
also for ethylene homopolymerization, both in trifluoroethanol
and dichloromethane, leading to highly branched macro-
molecules (Table S8). 1S generated the most productive
catalyst in both solvents, whereas, in analogy to what had been
found in the copolymerization, productivity decreases moving
to 18™ and 18M¢, this latter being the less productive catalyst
of the series in both reactions. In addition, the polyethylene
produced in TFE with 18", 18™¢, and 1S precatalysts has a
degree of branching higher than the one of the macro-
molecules obtained with 1 (Table S8), thus suggesting that the
N-S ligand affects the chain walking process.

2.3. Experimental and Theoretical Mechanistic Inves-
tigations. To shed light on the possible mechanism active for
the investigated catalysts, we performed some experimental
and theoretical studies using the cationic complexes 1 and
18™,

The reactivities of 1 and 18™ with both comonomers were
investigated by in situ NMR spectroscopy, at room temper-
ature, in both CD,Cl, and TFE-d,.

The first series of experiments were performed on the
CD,Cl, solutions of 1. In the spectrum recorded S min after
saturation with ethylene of a 10 mM solution of 1, the peaks of
branched polyethylene together with those of Pd-NCMe are
observed, whereas no signals of the precatalyst and the gaseous
monomer are present, indicating the fast conversion of 1 into

9,10,43
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the active species for the homopolymerization reaction
(Figures S32 and $33).

In a separate experiment, 2 equiv of methyl acrylate were
added to a 10 mM solution of 1. In the spectrum recorded
after 1 min from the addition of the polar monomer, the main
species is 1, together with some intermediates resulting from
the migratory insertion of MA into the Pd—Me bond. Spectral
variations with time indicate the decrease of 1 that, in 2 h, is
completely transformed into four-, five-, and six-membered
metallacycles (MC4—MC6) that are present in the ratio
0.28:0.05:0.67 (Figures 4, S34, and S35). Unlike the typical
reactivity reported for Pd-a-diimine complexes,'”****~* in
this case, even the four-membered palladacycle is detected at
room temperature. This metallacycle was recently observed for
the first time at room temperature in analogous experiments
performed on Pd-pyridyl-pyridylidene amide complexes.*’

An additional experiment was performed by bubbling
ethylene in the solution of the three metallacycles resulting
in the growth of the E/MA copolymer chain. After 1 h,
ethylene is consumed and no signal of free MeCN is evident
(Figure S36).

The same set of experiments was performed on 10 mM
solutions of 1 in TFE-d;. The reactivity with ethylene is
analogous to that observed in CD,Cl,: the precatalyst is
immediately transformed into the active species, leading to the
growth of branched polyethylene. All of the ethylene is
consumed within 5 min and the signal of Pd-NCMe is clearly
evident (Figure S37).

When 1 is made to react with 2 equiv of MA, two new sets
of signals appear in the spectrum recorded after 1 min, in
addition to those of residual 1: one is due to the six-membered
palladacycle MC6, and the other to a new species identified as
the open-chain intermediate (OC1) having coordinated to the
metal center both the organic fragment, resulting from the 2,1-
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migratory insertion of MA into the Pd—Me bond, and
acetonitrile (singlet at 1.68 ppm) (Figure S). These two
intermediates are in the ratio 0.61:0.39. In this case, the
reaction of 1 is completed in 30 min (Figures S38—540). Some
signals of MC6 are broad, indicating the presence of a dynamic
process in solution that, according to the exchange peak
between free and bonded acetonitrile in the 'H,'H-NOESY
spectrum, is associated with the opening—closure process of
the metallacycle itself, leading to the corresponding open-chain
intermediate (OC2) (Figure S41). The presence of OC2 is
confirmed by the resonances observed in the 'H NMR
spectrum recorded after 19 h (Figures 6 and S42). At this time,
the solution was saturated with ethylene, resulting in the
growth of the copolymer chain together with the two open-
chain intermediates whose signals are still evident (Figure
S42). The gaseous monomer is consumed within 15 min. The
resonances of OC1 are still present in the "H NMR spectrum
recorded after 3 days, suggesting that, in the fluorinated
solvent, the open-chain intermediate is the catalyst resting state
(Figures S43—545).

Analogous NMR experiments were performed on 1S™.
When a 10 mM CD,Cl, solution of 18™ is saturated with
ethylene, the signals of 1S™ in addition to those of branched
polyethylene, are observed in the spectrum recorded after 5
min (Figure S46). After 45 min, all ethylene is consumed,
while 18™ is still present together with an increased amount of
polyethylene. The solution was then saturated with ethylene
once again and for further 45 min, till the consumption of the
gas, and the NMR spectra showed the growth of the
polyethylene chain and the presence of 18™. In addition, the
appearance of new signals of very low intensity, in particular, a
broad peak at 8.37 ppm due to the iminic proton of ™
bonded to the metal, indicated traces of a new palladium
species. No signal assigned to free ™ was evident as well as no
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Figure 7. MEPs of the ethylene/MA copolymerization mechanism: MEP for 18t (right) and MEP for 1 (left).

decomposition to the palladium metal was observed in the
investigated range of time (Figure S46). Differently from the
reactivity with ethylene of all of the other Pd-a-diimine
complexes,'”*>** including 1, these data indicate that only a
very small amount of 1S™ is transformed into the active
species and that 18" itself represents the catalyst resting state.

In another experiment, 2 equiv of MA were added to a 10
mM CD,Cl, solution of 18™. No reaction was observed during
the monitored time (2 h) (Figure S47), indicating again a
distinctive point with respect to the reactivity of both 1 and all
of the reported Pd-a-diimine complexes.'”****°

In a third experiment, the reactivity of 1S™, with both
comonomers in the same solution, was studied by adding 2
equiv of MA to 10 mM CD,Cl, solution of the complex,
followed by saturation with ethylene for S min at room
temperature. NMR spectra recorded at different reaction times
evidence that the ethylene inserts first, while the signals
diagnostic of MA insertion (e.g., the singlet of the methoxy
group at 3.64 ppm) become evident after 45 min, together with
the resonances of a new palladium complex as pointed out by
the broad peak at 8.37 ppm (Figure S48). In contrast to the
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experiment performed with the addition of ethylene only, in
this case, in the spectrum recorded after 45 min, the signal of
the alkene is still present in high intensity, in agreement with
the inhibiting role of the polar monomer. After 90 min, the
compounds present in solution were: E/MA copolymer with
MA inserted at the end of the branches, a new palladium
species (broad signals at: 8.37 ppm H™, 7.79 ppm H?, and 6.69
ppm H™), and residual 1™, whereas no signals of either ™ or
metallacycle intermediates were evident (Figures S48—S50).
A final set of in situ NMR experiments was performed on the
10 mM TFE-d, solution of 18™. The reactivity with ethylene
alone points out that even in the fluorinated solvent, the
formation of branched polyethylene takes place immediately
after the addition of the olefin (Figure $52). In addition to the
signals of 18™, those of the new palladium species, similar to
those observed in CD,Cl,, are evident already in the spectrum
recorded after 5 min from the bubbling of ethylene. The
comparison of the reactivity experiments in the two solvents
points out that in the fluorinated alcohol, a higher amount of
1S™ is transformed into the active spec1es (IS b /new species =
0.87:0.13 in CD,Cl, at 45 min, 18™/new species = 0.45:0.55
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Scheme 3. Proposed Mechanism for the Ethylene/Methyl Acrylate Copolymerization with 1 in DCM
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in TFE at 55 min, as calculated from the integrals of the
relevant iminic proton signal).

In agreement with the experiment performed in CD,Cl,,
even in TFE-d; when 2 equiv of MA was added to the solution
of 18™, no reaction took place within 2 h (Figure SS3).

Finally, the reactivity of 1S™ with both comonomers in the
same TFE-d; solution was studied. The spectral variations with
time indicate that even in the fluorinated solvent, the activation
of the precatalyst is made by the reaction with ethylene, the
insertion of MA taking place only afterward (Figure S54). But,
in contrast to the reactivity in CD,Cl, all ethylene is
consumed within 45 min in TFE-d; despite the presence of
MA, and after saturation of the solution with more ethylene,
the copolymerization reaction proceeds further. After a total
time of 2 h, the observed signals indicate the presence in
solution of the growing copolymer chain, of residual 1™, and
of the new palladium species in a ratio with 1S™ higher than
that found in the reactivity in CD,Cl, (18™/new species =
0.70:0.30 in CD,Cl, at 2 h, 18™/new species = 0.30:0.70 in
TFE-d; at 2 h, as calculated from the integrals of the relevant
iminic proton signal).

A series of bidimensional NMR experiments were performed
to characterize the species present in solution. The 'H, *C-
HSQC spectrum (Figure SSS5) clearly indicates that the
additional resonances with respect to the peaks of 1™ are due
to a species having both MeDAB and S** bonded to palladium.
In the 'H,"H-NOESY spectrum (Figures S56 and S57), cross-
peaks are evident among the resonances of protons of S™
bonded to palladium and the peak of the growing copolymer
chain at 1.32 ppm, thus demonstrating that the new species is a
palladium intermediate with MeDAB, S™, and the growing
chain, all bonded to the metal center. The broadness of the
signals is in agreement with the presence of dynamic processes
that might involve the exchange of the donor atoms of both
bidentate ligands with the incoming monomers to allow the
growth of the macromolecule together with the possible
formation of pentacoordinated transient species. The presence
of dynamic processes in a solution of [Pd(N—N),(Me)][PF]
complexes, with N—N 1,10-phenanthroline and its
substituted derivatives, was demonstrated,’” and it was
considered one of the reasons for the high productivity of
[Pd(N—-N),][PF¢], complexes in CO/vinyl arene polyketone
synthesis.*

Moreover, in the 'H,'"H-NOESY spectrum (Figure S58), the
cross-peak between the singlet of the residual OH of TFE-d,
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and the peak of a methoxy group at 3.61 ppm assigned to MA
inserted into the growing polymer chain bonded to palladium
indicates their close spatial relationship. This evidence strongly
supports the hypothesis that the methoxy group and,
reasonably, the oxygen atom of the carbonyl of MA are
engaged in hydrogen bonding interactions with the fluorinated
solvent and, thus, are less available for the formation of the
metallacycle species involved in the chain walking process.
The main steps of the copolymerization mechanism were
modeled by DFT calculations and the minimum energy paths
(MEPs) for complexes 1S (bearing the thiopheneimine
ligand in the Esyn conformation) and 1 (bearing the
acetonitrile) are reported in Figure 7, right and left,
respectively. The zeros of our calculations are the mono-
cationic complexes (18" or 1) and the reactants at infinite
distances. The reaction starts via INT1 where ethylene is 7>
coordinated to palladium. Through TS1, ethylene is inserted
into the Pd—Me bond. This is the rate-limiting step of both
MEPs and for 1 it is 4.2 kcal/mol lower than for 1S, These
data are in good agreement with the experimentally observed
lower productivity of 18™ (Tables 1 and 2) and with the
results of the in situ NMR experiments. From TSI, two
intermediates are generated, INT2’ (in red) and/or INT2 (in
black), with MA 7*-coordinated to palladium. From this point,
the reaction path splits, and we report the path leading to the
S-H elimination on the propyl chain in red and the one related
to the copolymerization in black. Proceeding from INT2’, f-H
elimination of propene takes place through TS2' leading to the
Pd—H intermediate, INT3’, which is slightly more stable for
1S™ than for 1, in agreement with the experimental
observation that no decomposition to palladium black is
observed for the catalysis carried out with 18™® in both solvents
(Tables 1 and 2). This step costs 10.5 kcal/mol less for 1 than
for 18™. In addition, according to the in situ NMR reactivity of
1 with ethylene, the intermediate having the propyl chain and
acetonitrile coordinated to Pd, INT2", is at —11.6 kcal/mol.
Moving to the copolymerization mechanism (black path),
starting from INT2, MA inserts into the Pd—C bond of the
propyl chain with secondary regiochemistry, through TS2 and
this step for 1 is 4.5 kcal/mol lower than for 1™, in agreement
with the inhibiting effect of the N—S ligand and with the in situ
NMR experiments. Different intermediates are obtained
depending on whether 1 or 18™ is considered. For 1, in
agreement with the literature,'*?**~* the four-membered
palladacycle INT3-MC4 is the product that evolves to the
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Scheme 4. Proposed Mechanism for Ethylene/Methyl Acrylate Copolymerization with 1 in TFE
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more stable six-membered cycle INT-MC6 that is recognized
as the resting state of the catalysis when the reaction is carried
out in DCM as the solvent. In the case of 1S™, INT3 with the
open methylhexenoyl chain coordinated to palladium is
formed. This intermediate is more stable than both the
corresponding INT3-MC4 and all of the other possible
metallacycles (Table S9, Chart S1). This data is in agreement
with the in situ NMR studies about the reactivity of 1™ with
both MA and ethylene where no signals due to the
metallacycles were detected. From INT3, f-H elimination of
E-methyl hex-2-enoate takes place through TS3 leading to the
Pd—H intermediate, INT4. This step has an energetic barrier
higher than that for the f-H elimination of propene taking
place through TS2' (AAG = 22.2 kcal/mol vs 15.2 kcal/mol).
This data correlates well with the formation of a branched
copolymer having MA also into the main chain and not only at
the end of the branches. Thus, from this analysis, it is clear that
the thiopheneimine ligand can tune the main processes leading
to chain walking. In particular, by comparing the Pd--N
distances in the relevant TS2' and TS3, we can see that the
lower the distance, the higher the barrier. In addition, the
shorter Pd-~-N distance in TS3 than in TS2’ (3.07 vs 3.43 A,
respectively) might be related to the higher electrophilicity of
the methylhexenoyl chain in TS3 than the propyl chain in
TS2' that results in a stronger Pd--N interaction of the
thiopheneimine ligand and allows us to discriminate the rate of
the chain walking process if it takes place after the insertion of
ethylene or after the insertion of MA.

Intermediates INT-MC6 and INT3 can undergo multiple
insertion reactions of the comonomers, but their analysis
exceeded the scope of this preliminary investigation.

Overall, by combining the NMR data resulting from the
reactivity of 1, or 1S™, with the two comonomers and DFT
calculations, it is possible to depict the mechanism of the
copolymerization reaction (Schemes 3—5). In agreement with
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the higher binding affinity of palladium for ethylene than
MA," both 1 and 1S™ are activated through the migratory
insertion reaction of ethylene into the Pd—Me bond, followed
by multiple insertions of ethylene. When the insertion of the
polar monomer takes place, the mechanism differs depending
on the precatalyst and the solvent used as the reaction
medium.

When the acetonitrile derivative 1 is used in dichloro-
methane as the solvent, the coordination/migratory insertion
of MA into the growing chain leads to the four-membered
palladacycle bl that, through the chain walking process,
evolves to the six-membered metallacycle c1, which, in turn
and following the typical pathway of the a-diimine catalysts,
yields the fragment of the copolymer chain with MA at the end
of branches el (Scheme 3).

When 1 is used in trifluoroethanol, the intermediates
resulting from the migratory insertion reaction of MA are
both the six-membered palladacycle ¢l and the open-chain
intermediate with coordinated acetonitrile f1, the latter being
the new resting state of the catalytic cycle (Scheme 4). The
formation of f1, as well as other open-chain intermediates (e.g.,
g1), might be favored by a network of hydrogen bonds among
trifluoroethanol and the oxygen atoms of the ester group of
inserted MA, as suggested by the above-discussed 'H,'H-
NOESY experiment (Figure S58). The growth of the
copolymer proceeds on both the open-chain intermediates
and the metallacycle leading to macromolecules having the
polar monomer in the main chain and at the end of the
branches.

When the copolymerization is catalyzed by 1S8™ in
dichloromethane, the highly preferred incorporation of MA
at the end of the branches indicates that the copolymerization
proceeds following the typical pathway of the Pd-a-diimine
catalysts with the difference that the N—S ligand remains in
close proximity to the metal center (Scheme S left). On the
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Scheme 5. Proposed Mechanism for the Ethylene/Methyl Acrylate Copolymerization with 1
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other hand, when the copolymerization is carried out in
trifluoroethanol, the presence of M(MA) in the produced
macromolecules and the results of both NMR reactivity studies
and DFT calculations indicate that the open-chain inter-
mediate with N—S coordinated, f¥5, should be present in the
catalytic cycle. Coordination and insertion of ethylene on f¥°
leads to the growth of the copolymer chain with MA in the
main chain (Scheme $ right).

3. CONCLUSIONS

In summary, we have investigated a series of organometallic,
cationic Pd(II) complexes, [Pd(Me)(MeDAB)(N—S)][PF],
having the methyl-substituted a-diimine (MeDAB) and a
thiophenimine (N—S) in the metal coordination sphere. Their
characterization, both in the solid state and in solution,
highlights that the thiophenimine acts as a hemilabile,
potentially bidentate ligand, being coordinated to palladium
through the iminic nitrogen atom and having the sulfur atom
pointing to the metal in an apical position. Both X-ray
structure analysis and theoretical calculation clearly evidence
the presence of a weak interaction between the Pd ion and the
sulfur atom.
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The investigated complexes generated active catalysts for the
ethylene/methyl acrylate copolymerization under mild reaction
conditions of temperature and ethylene pressure by carrying
out the catalysis in two different solvents, dichloromethane or
trifluoroethanol. Productivities as high as 79 kg CP/mol Pd
and MA incorporations up to 8% have been achieved. The
produced macromolecules have M, values in the range 5—30
kDa and the degree of branching between 87 and 120 branches
per 1000 carbon atoms. NMR characterization of the
macromolecules evidences that the acrylate is inserted both
in the main chain and at the end of the branches in a ratio that
ranges from 9:91 to 45:55 moving from dichloromethane to
trifluoroethanol as a solvent for the catalysis and varying the
N-S ligand.

Some remarkable differences with respect to the well-known
typical reactivity of the Pd-a-diimine catalysts emerged from in
sitt NMR monitoring of the reactions of both the parent
compound [Pd(Me)(MeDAB)(MeCN)][PF¢] 1 and one of
the complexes with N—S, [Pd(Me)(MeDAB)(S™)][PF]
18™ performed either in CD,Cl, or in TFE-d; at room
temperature, i.e.
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(i) a four-membered metallacycle was detected during the
reaction of 1 with MA in CD,Cl,, in addition to the
usual six- and five-membered palladacycles;

in contrast, the same experiment performed in TFE-d,
resulted in the formation of an unprecedented open-
chain intermediate, having both the organic fragment,
deriving from the migratory insertion of MA into the
Pd—Me bond, and the acetonitrile coordinated to
palladium, in addition to the expected six-membered
palladacycle; and

the abovementioned open-chain intermediate was also
identified as a novel catalyst resting state during the
reaction of 1 with MA and ethylene in TFE-d;.

These results are in agreement with both reactivity studies
and DFT calculations performed on 18", pointing out that the
N-S ligand remains in close proximity to the palladium ion
favoring the formation of the open-chain intermediate instead
of the expected six-membered metallacycle. The open-chain
intermediate is responsible for trapping the polar monomer
into the main chain.

This result might open the way to the discovery of new,
efficient catalytic systems for the synthesis of functionalized
polyolefins including polar vinyl monomers for which
copolymerization via Pd-a-diimine catalysts had not been
possible till date.

(ii)

(iii)
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