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Tunable bis(pyridinium amidate) ligands efficiently
promote palladium-catalyzed ethylene
polymerization
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A useful strategy for the co-polymerization of ethylene and functional olefins relies on palladium catalysts,
as palladium typically shows in contrast to many other metals a high tolerance to a variety of functional
groups. Here we have prepared a set of palladium complexes containing a N,N-bidentate coordinating
bis(pyridinium amidate) (bisPYA) ligand. Ligand variation included either para- or an ortho-pyridinium
amidate arrangement, with the pyridinium site either sterically flexible or locked through a dimethyl
substitution ortho to the amidate. Activation of these complexes with NaBArF in the presence of ethylene
indicated that sterically locked ligand structures promoted ethylene conversion and produced polymeric
materials. In particular, complex 4d with an ortho-pyridinium amidate bisPYA ligand was active with a
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production of 10.8 kg polyethylene per mol palladium at room temperature and 1 bar ethylene. Synthesis
of the complexes in the presence of K;COs; or Ag>COj3 afforded adducts in which the K* or Ag* ion is
bound by the two oxygens of the bisamidate core, thus leading to trimetallic Pd---K---Pd complexes. Such
adduct formation indicates a dual role of NaBArF in halide abstraction and metal sequestration, thus
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Introduction

A comparison of classic palladium-based catalysts for olefin
(co)polymerization, such as those reported by Brookhart,'
Drent” and others®* has revealed that sterically adaptable and
strongly electron-donating ligands such as I (Fig. 1) are
beneficial and in fact essential for the production of polymeric
materials.”"* Building on these findings, pyridinium amidate
(PYA) ligands that combine the structural versatility of these
systems with strong donating properties have been proposed
as an alternative to address specific challenges in Pd-catalyzed
polymerization."* The adaptable PYA scaffold is attractive for
modulating both electronically and sterically the metal
coordination sphere,'> making it a promising platform for
facilitating the copolymerization of ethylene with polar
monomers. However, attempts to use dissymmetric N,N'
ligands with a PYA N-donor and a chelating imine such as
pyridine (II, Fig. 1), pyrazole, oxazole, or triazole displayed
significant limitation and produced almost exclusively butenes
via ethylene dimerization rather than polymerization.'*'?
While this product selectivity was initially attributed to fast
B-hydrogen elimination, recent mechanistic investigations
indicated a step-growth mechanism rather than a chain-
growth, implying re-coordination of butene as the critical step
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rationalizing the need for 2.5 equivalent of NaBArF per palladium complex for effective polymerization.

that controls further conversion of dimers to oligomers and
polymers.'®'” These mechanistic insights also suggest a key
role of the ancillary ligand and the counterion,"® and suggest
optimization of the steric and electronic properties of the
chelating N-ligand as a key methodology for -catalyst
improvement.

Here, we introduce a novel class of palladium complexes
supported by strongly donating and sterically versatile bisPYA
ligands III (Fig. 1). Deliberate substitution of the
ortho-positions of the PYA scaffold increases steric shielding,
which plays an important role in improving the reactivity and
selectivity of the catalyst. These ligands are sterically similar
to state-of-the art Brookhart's o-diimine ligands'®>* while
having significantly altered electronic properties. Specifically,
the introduction of two strongly electron-donating PYA
groups within one ligand generates an electron-rich metal
center, which is expected to be beneficial for higher
polymerization productivity.>* Here, we demonstrate that
appropriately tailored bisPYA ligands induce high catalytic
activity and effectively promote polymerization even under
very mild conditions.

Results and discussion

Synthesis of the complexes

The synthesis of the bisPYA ligands started from the
appropriately substituted aminopyridine 1a-d (Scheme 1).

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Structural comparison between the state-of-the art palladium olefin (co)polymerization precatalyst supported by a-diimine ligands (1),
pyridyl-PYA ligands (Il) inducing di- and oligomerization, and bisPYA ligands investigated in this work.

Condensation with either diethyloxalate or oxalyl chloride
yielded the corresponding bis(amides), and subsequent
pyridine N-methylation followed by anion exchange with
NH,PF, afforded the bisPYA ligand precursors 2a-d as PFg
salts. Complete methylation was evidenced by a characteristic
downfield shift of the pyridinium proton resonances. For
example, the pyridinium H® resonance shifted from ¢;; = 8.32
in the bis(amide) to 8.64 in 2d.

Crystals suitable for X-ray diffraction analysis were grown
for 2b and 2d by slow diffusion of Et,O into a MeCN solution
of the bisPYA salts. These compounds were of interest as they
feature identical steric environments around the amide site,
yet differ in the position of the pyridine nitrogen. Analysis of
the molecular structure of the para-PYA system 2b revealed
an ~60° torsion angle between the amide and the pyridinium
heterocycle (Fig. 2). In contrast, the heterocycles in the
ortho-PYA salt 2d are quasi orthogonal to the amide unit with
an 84.3(5)° torsion angle. This trend is in line with the
smaller torsion angles in the para-PYA salt 2a compared to
the ortho-PYA analogue 2c¢ (6.94° vs. 40.46°),>° though in this
latter comparison, the different ortho-substitution pattern
may play a significant role.">® In contrast, a comparison of
the smaller torsion angle in 2b vs. large angles in 2d suggests
that the ortho vs. para-PYA substitution influences the
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Scheme 1 Two-step synthesis of bis-PYA ligands 2a-2d. Conditions:
For 2a and 2c: 1) diethyl oxalate, neat, 2) MeOTf in CH,Cl,; for 2b: 1)
oxalyl chloride, NEts in CH,Cl,, 2) Mel in CH,Cly; for 2d 1) oxalyl
chloride, NEts in CH,Cl,, 2) MeOTf in CH,Cl,.
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arrangement of the heterocycle with respect to the amide
unit independent of steric components.

The bis(PYA) salt 2c¢ readily formed the deprotonated
free bis(PYA) ligand 3c¢ in the presence of DBU. Double
deprotonation and formation of 3c was evidenced by a
substantial upfield shift of all the pyridinium proton
signals (Adg up to 1.2 ppm). Similarly, the NCH;
resonance shifted from J = 4.20 to 3.72 ppm. In contrast
to 2c¢, the other bis(PYA) salts failed to give clean
reactions. Attempts to deprotonate these salts with bases
such as K,CO; DBU, or LiHMDS all failed (Scheme 2).
While characteristic resonances of the deprotonated
bis(PYA) were observed in situ, e.g. treatment of 2d with
2.5 eq. DBU resulted in a diagnostic*” upfield shift of the
NCH; resonance from Jy = 4.26 to 3.70, isolation of this
species by sequential THF washing did not lead to any
clean material.*®*>° With a stronger base like LiHMDS, an
unknown species was isolated, tentatively assigned to the
Li adduct (Fig. S17 and $18).*°

Single crystal structure determination of 3c revealed some
degree of double-bond localization within the pyridine ring,
.8 Cpys—Cpyra decreased from 1.380(2) A in 2¢* to
1.3653(19) A in 3¢, and the exocyclic Cpya—Npys bond
shortened from 1.3924(19) A in 2c to 1.338(14) A. Moreover,
the amide unit and the pyridinium heterocycle are essentially
co-planar with a torsion angle Cco—Npya—Cpya=Npyr = 4.01(9)°
vs. 40.46(15)° in the salt precursor. However, the two amide
units lost co-planarity and are essentially orthogonal in 3c
with Npya—Cco-Cco'~Npya' = 89.40(11)° (¢f 0.0(3)° in 2¢). This
arrangement also led to a close 2.23(1) A contact between H3
of the pyridinium ring and the adjacent carbonyl oxygen.

N1
Fig. 2 Crystallographically determined molecular structures of a) 2b
and b) 2d (all hydrogen atoms and anions omitted for clarity). Selected
metrics for 2b: N2-C4 1.414(3) A; C7-N2-C4-C3 58.8(3)°; for 2d: N2-
C2 1.408(2) A, C7-N2-C2-N1 84.3(5)°.
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Scheme 2 Synthesis of Pd complexes 4a-4d with PYA ligand sites
represented in their zwitterionic (pyridinium amidate) resonance form,
though there is also contribution from a neutral pyridylidene imine
resonance form to be considered. Bottom left: crystallographically
determined molecular structure of 3c (50% probability ellipsoids,
hydrogen atoms omitted for clarity). Selected metrics for 3c: N2-C2
1.338(14) A; C7-N2-C2-N1 4.01(9)°.

Direct palladation of the bis(PYA) salts 2a-d without
isolation of the deprotonated ligand was accomplished with
[PdMeCl(cod)] in the presence of 1,8-bis(dimethylamino)
naphthalene (proton sponge) as a base and afforded
complexes 4a-d in 70-89% yield. Alternatively, neutral
bis(PYA) 3¢ was metalated with [PdMeCl(cod)] in the absence
of a base. All four complexes were isolated as air-stable yellow
solids. Complex formation was indicated by the high-field
singlet of the Pd-CH; resonance in the -0.39 to —0.64 range.
These frequencies suggest considerable shielding of the
methyl group in complexes 4b-d when compared with related
olefin polymerization precatalysts supported by a-diimine (Jg
= +0.51) or C,N-bidentate pyridyl-NHC ligands (Jyg =
+0.01)."7°'3* Only catalyst precursors with anionic C,O-
bidentate phenolate-NHC ligands feature a higher field Pd-
CH; signal (dy = —0.81),>® pointing to a strongly electron-
donating bonding mode of the bisPYA ligand (Table S1) and
thus a large contribution of zwitterionic resonance structures
in 4b-d. Notably, the Pd-CH; resonance of complex 4a
appears at a lower field (dy; = +0.13). The bis(PYA) ligand in
this complex lacks ortho-substituents with respect to the
amide group, which facilitates a coplanar arrangement of the
amide and the pyridinium heterocycle and thus a quinoidal
character of the ligand with neutral m-acidic rather than
anionic m-basic N-donor sites.*®

Characterization of complexes 4b and 4d by 'H NMR
spectroscopy revealed a mixture of two species at RT in
DMSO, attributed to a mixture of the parent (methyl)
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(chloride) complex and its solvento analogue [PdMe(DMSO)
(bisPYA)]CI in a 1:2 and 4:1 ratio, respectively. In support
of this assignment, addition of NBu,Cl increased the ratio
of the chlorido complex 4b, while addition of AgPF,
afforded the solvento complex, together with some complex
degradation products (Fig. S30 and S36). The higher
solvento ratio with 4b compared to 4d suggests a higher
trans-influence and stronger ¢ donor properties of the
para-PYA in 4b than the ortho-PYA for quasi-isosteric
ligands. This conclusion is also supported by the slightly
higher field Pd-CH; resonance in 4b compared to 4d (dy =
-0.64 vs. -0.58).>”°

Complexes 4a-d display only limited stability in dry
DMSO-ds and new and sharper resonances appeared over
time, presumably due to the hygroscopic nature of DMSO.
Indeed, dissolving complex 4a in D,O resulted in the
immediate appearance of a new species, together with a
resonance at 0.2 ppm that is diagnostic for methane
formation.*® After 90 min, no residual complex 4a was
detectable anymore, and only the new species was present
(Fig. S25). Macroscopically, formation of a palladium mirror
was observed, and pressure build-up was noted when
opening the NMR tube. These results indicate protonolysis of
the Pd-CH; unit,"*™* which is known to occur even with
weak acids,** and subsequent ligand rearrangement to form
[Pd(bisPYA),]Cl,."” The homoleptic complex [Pd(bisPYA),]Cl,
was identified by the symmetrization of the ligand
resonances in the NMR spectra, and by HRMS (m/z =
681.0948, caled for [M-CI]" 681.0957, Fig. S25). Similar
reactivity was noted for complexes 4c and 4d, though
protonolysis was much slower with these complexes and only
5% degradation was observed after 8 h.*>

Reactivity towards ethylene

In order to probe ethylene conversion, complexes 4a-d were
activated in situ with NaBArF, an established additive for
enhancing catalytic activity in olefin oligomerization.'”**>°
The in situ activation furthermore avoids the introduction of
an ancillary ligand such as MeCN that may interfere with
olefin bonding and conversion.'>>" To assess the potential
activity of the palladium complexes, a solution of bisPYA
complexes 4a-d and 1.1 eq. NaBArF in CD,Cl, was saturated
with ethylene (1 bar, ca. 1 M), and olefin conversion was
monitored by "H NMR spectroscopy (Table 1, Fig. S53-S59).
Under these conditions, complex 4a produced predominantly
butenes in the first 45 min, and this composition did not
change upon extending the reaction time to 16 h (Table 1,
entry 1, Fig. S58). This low activity towards olefin
oligomerization may, in part, be attributed to the low
solubility of 4a. In an attempt to improve the solubility,
complex 4a’ with N-Bu rather than N-Me substituents was
prepared (Fig. S26). Despite the longer aliphatic substituents,
the solubility of 4a’" was not significantly improved and
catalytic activity was identical to that of 4a (entry 2). When
the para-PYA was sterically rigidified by two methyl

This journal is © The Royal Society of Chemistry 2025
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Table 1 Reactivity of bisPYA complexes 4a-d with ethylene®
[Pd]
NaBArF
02H4 /\J‘N + J“JJW
CD,Cly, 23 °C
Conversion” . Alkyl/vinyl ratio 1/b ratio®
Major ylviny /

Entry [Pd] NaBArF 45 min 16 h product 45 min 16 h 45 min 16 h
1 4a 1.1 eq. >99% >99% Butenes 4/1 41 — —
2 4a’ 1.1 eq. >99% >99% Butenes 41 4/1 — —
3 4b 1.1 eq. >99% >99% Oligomers 6/1 15/1 3/1 5/2
4 4c 1.1 eq. 85% 93% Butenes 3/1 5/1 — —
5 4d 1.1 eq. >99% >99% Oligomers 14/1 31/1 20/1 4/3
6 4a 2.5 eq. >99% >99% Butenes 4/1 6/1 20/1 7/1
7 4b 2.5 eq. >99% >99% Polymer 17/1 150/1 99/1 1/4
8 4c 2.5 eq. >99% >99% Oligomers 91 27/1 10/1 1/2
9 ad 2.5 eq. >99% >99% Polymer 340/1 270/1¢ 5/1 <1/10

¢ Reaction conditions: [Pd] (10 pumol), NaBArF (11 or 25 umol), durene (50 umol, internal standard) in dry CD,Cl, (0.5 mL) saturated with
ethylene (~1 M). ? Conversion monitored by 'H NMR spectroscopy after 45 min and 16 h under constant spinning at 23 °C, incomplete
ethylene conversion was determined by "H NMR integration of the butene and propylene resonances against the residual ethylene signal and is
approximate only. ¢ Alkyl/vinyl and linear/branched (1/b) ratios determined by "H NMR spectroscopy of the crude reaction mixture (Fig. S53-
$55). ¢ Decreasing alkyl/vinyl ratio attributed to the precipitation of polymeric products.

substituents as in complex 4b, the activity increased and
oligomers were formed upon extended periods of time,
indicated by the 15:1 alkyl/vinyl proton ratio after 16 h (entry
3, Fig. $53-555).

A similar correlation between catalyst structure and
activity was observed for the ortho-PYA complexes. While the
un-substituted ortho-PYA complex 4c was only poorly active
and did not reach full ethylene conversion, yielding
predominantly butenes (entry 4), the methylated version 4d
promoted the formation of oligomers already within the first
45 min, and these chains further grew upon extending the
reaction time to reach a 31:1 alkyl/vinyl ratio after 16 h
(entry 5). Also, the branching degree of the oligomers
increased considerably from 20:1 to 20:15 during this time,
indicating efficient olefin insertion and B-H elimination
processes. GC-MS analysis revealed the presence of fragments
as large as C,,H,g (Fig. S64-576).

Higher activity was achieved when the quantity of NaBArF
was increased to 2.5 eq. While complex 4a gave only modestly
longer oligomers, with butenes remaining the major products
(entry 6), 4b resulted in the formation of oligomers already
after 45 min (17:1 alkyl/vinyl ratio), and gave polymeric
material after 16 h, indicated by a high 190: 1 alkyl/vinyl ratio
(entry 6). Again, branching increased drastically during the
process. While initially the formed oligomers were essentially
linear with a 99:1 linear/branched ratio, this ratio switched
to 1:4 after 16 h (entry 7). The effect is even more
pronounced with the ortho-PYA systems 4c and 4d. Complex
4c gave oligomeric products (entry 8), whereas the rigid
ortho-dimethyl PYA yielded polymeric material already after
45 min with a 340:1 alkyl/vinyl ratio (entry 9; Fig. S60 and
S61). The preference of the catalyst to initially form linear
products is shown also for 4d with a 5:1 linear/branched
ratio, though after 16 h, no linear fragments were observed

This journal is © The Royal Society of Chemistry 2025

anymore, suggesting a very high branching degree as
required for low-density PE. The high branching is attributed
to a very effective chain walking and B-hydrogen elimination
processes imparted by the sterically rigid and shielding
bisPYA ligand.

Obviously, the mild conditions (1 bar ethylene, room
temperature, closed system) used for assessing these
preliminary activities introduce a limited availability of
ethylene, which also caps the polymer length and the catalyst
productivity. Therefore, experiments were carried out by
providing a continuous supply of ethylene (1 bar) into the
reaction mixture. Under these conditions, only complexes 4b
and 4d yielded polymeric products. The productivity of 4b
was rather poor and reached 1.4 g PE per g Pd, presumably
due to fast catalyst decomposition as indicated by the
detection of some signals in the NMR spectrum that suggest
a dissociated bis(PYA) ligand. In contrast, complex 4d
produced a waxy polymer that was partially soluble in CD,-
Cl,. NMR analysis revealed a high branching degree of 111
methyl groups per 1000 methylene units'" with a wide variety
of branching structures and topologies (Fig. S62 and
$63).>>" Under these ambient conditions, 4d reached a
productivity of 101.5 g PE per g Pd or 10.8 kg PE per mol Pd.
These values are at the lower end when comparing with the
Pd(acac),/BF;-OEt, system,”>® or phosphine-sulfonate systems
with ferrocene or naphthalene bridges, even though the latter
were used at 5-10 bar ethylene pressure.’”¢ The productivity
is also far from the 4000 kg PE per mol Pd productivity of
state-of-the-art Brookhart-type palladium catalysts, though
those conversions were obtained under harsher conditions
(10 bar ethylene, 60 °C)**°® compared to the 1 bar/25 °C
conditions applied here for 4d. Therefore, the productivity
and selectivity of complex 4d represents a promising
improvement towards efficient polymerization catalysts based
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on PYA ligands, warranting further tests under (co-)
polymerization conditions closer to those of industrial
settings in terms of temperature, pressure, and possibly co-
monomer addition.

Metal sequestration by the bisPYA ligand

The excess of NaBArF required to induce high catalytic
activity suggests interactions with the Pd complex beyond
simple halide abstraction and formation of the putative
active species [Pd(Me)(ethylene)(bisPYA)]". Based on scattered
observations of alkali metal bonding to PYA units, we
hypothesized a direct interaction between the Na' cation with
the bis(amide) backbone of the bis(PYA) ligand of the
complex as established for other 1,2-dicarbonyl ligands.””*®
Such a bonding might lower the efficacy of NaBArF in halide
abstraction with detrimental consequences for catalytic
activity.

To verify this hypothesis, reactions of complexes 4a-d with
different sodium salts (NaBArF, Na,CO;) were carried out,
though no defined products were detectable. As an
alternative route, palladation of ligand precursors 2a or 2d in
the presence of Na,COj; led to incomplete reactions and the
formation of mixtures. However, complexation of these
ligands with [PdMeCl(cod)] in the presence of Ag,CO;
resulted in the formation of spectroscopically pure trimetallic
complexes 5a and 5d, respectively, which were isolated as air-
stable dark yellow solids (Scheme 3). The "H NMR spectra

HsC,_
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/7 N\
=

7
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2a,d M
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MeCN )
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MeCN

“CH,
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were distinct from those of 4a and 4d, most evidently by
the downfield shift of the Pd-CH; resonance, e.g. Jy =
+0.29 for 5a vs. +0.13 for 4a (both DMSO-ds solutions).
Addition of AgPF; to a MeCN solution of 4d gave a
precipitate, which has 'H NMR data identical to those of
5d, thus providing an alternative synthetic method.
Moreover, similar adduct formation was observed when
K,CO; was wused instead of Ag,CO;, yielding the
corresponding trimetallic Pd---K:--Pd complexes 6a and 6d
as air-stable yellow solids.

Adduct formation was confirmed by single-crystal X-ray
diffraction of complex 6d. The molecular structure shows a
potassium ion connecting two Pd complex units via
dicarbonyl chelation. The potassium coordination sphere is
completed by interaction with fluorine atoms from two
distinct PFs anions. These interactions suggest cation
stabilization by the bis(PYA) ligand backbone similar to O- or
N-polydentate systems such as crown ethers and
cryptands.””®® The average K-O distance in 6d is 2.74 A, in
line with the 2.72 A reported as the mean value for such
interactions.”””®®" The K-F contact distances range from
2.815(16) to 3.05(2) A, at the longer edge of the typically
observed 2.84 A length.®>°¢

The Pd centers adopt the typical square planar geometry,
and the PYA rings are nearly orthogonal to the coordination
plane (Pd-Npys—Cpya—Npyr = 82.6(6)°), indicative of strongly
zwitterionic PYA character. Structural comparisons with the
precursor salt 2d reveal only minimal variation in the

—| (PFs)3 —| (PFe)3

HsC_ NCMe

N
. Pd .
O/ \O
N,/
M
/N
o O

>\ /<

=N N N q=

N NS
Pd_

CH3

5d (M = Ag)
6d (M = K)

7/
MeCN

Scheme 3 Synthesis of silver-bridged cationic complexes 5a and 5d and potassium-bridged complexes 6a and 6d, and a crystallographically
determined molecular structure of 6d (hydrogen atoms and non-coordinating anions omitted for clarity). Selected metrics for 6d: Pd1-C16
2.060(14) A, Pd1-N2 1.978(5) A, Pd1-N3 2.055(4) A, Pd1-N5 2.006(10) A, C7-01 1.238(7) A; average K-O 2.74 A, average K-F contact 2.97 A, C7-N2-

C2-N172.8(7)°; Pd1-N2-C2-N1 82.6(6)°; N2-Pd1-N3 82.79(17)°.
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exocyclic Npya—Cpya bond lengths (1.416(8) A in 6d vs.
1.408(2) A in 2d), reinforcing the strongly donating nature of
the ligand framework. Notably, the unit cell contains both
syn- and anti-isomers as proposed for complex 4d.*”

Elemental analysis of bulk 6d suggests a slightly higher
sequestration of K and returned a 1:1 ratio of KPF, per
Pd(bisPYA) fragment. Similarly, quantitative 'H/'°F NMR
integration using 1,2,4,5-tetrafluorobenzene as an internal
standard was commensurate with 2 PFs  anions per bisPYA
ligand (Fig. S1 and S$2).>**”"% Although attempts to grow
single-crystals for the other adducts were unsuccessful,
elemental analysis and quantitative '°’F NMR spectroscopy
provided good support for similar cation bonding in 5a, 5d
(1.5 PF, per ligand) and 6a (1.2-2 PF, per ligand; Fig. S1
and S2).

Detailed characterization of these adducts in solution was
hampered by the broadness of the "H NMR signals. For 5a,
two sets of signals were identified in CD;CN solution.
Increasing the temperature to 40 °C resulted in sharpening
of the signals into well-defined doublets, suggesting dynamic
behavior (Fig. S40). DOSY NMR analysis revealed that the two
sets of signals belong to species with similar diffusion
coefficients, pointing to stereoisomers such as syn- and
anti-rotamers rather than silver association/dissociation
equilibria (Fig. S41). The molecular weight extracted from the
measured diffusion coefficient (930 g mol™; D = 9.3 x 107°
cm?® s7') is consistent with the 973 g mol™ calculated for the
Ag-containing trication of 5a.”°”> Similar solution behavior
was noted for adducts 5d, 6a, and 6d. Moreover, mass
spectrometry revealed fragments corresponding to the Pd
complex unit plus an Ag” and K' cation, respectively (Fig.
S42, $45, 549 and S52).

Evaluation of the adducts 5 and 6 in ethylene conversion
is convoluted by the presence of the MeCN in the palladium
coordination sphere. This ligand has been shown to hinder

Table 2 Reactivity of alkali metal bisPYA Pd adducts 5-6 with ethylene®
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butene coordination and the formation of polymeric
products.'®" Indeed, only butene formation was observed

upon exposure of the adducts to ethylene (Table 2, entries
1-4). While complexes 5d and 6d with sterically shielding
PYA sites lead to considerable ethylene conversion, the
para-PYA analogues 5a and 6a were less active and residual
ethylene was detected after 1 h. Addition of 1.1 eq. NaBArF
to adduct 5d induced some oligomerization, while 2.5 eq.
NaBArF as an additive gave longer oligomers as deduced
from the high 90:1 ratio of alkyl to vinyl protons in the
NMR spectrum (entries 5 and 6). Similar effects were
observed with the potassium adduct (entries 7 and 8),
suggesting that either the BArF anion itself, or the cation
exchange from Ag’' or K' to Na' plays a significant role in
the butene conversion activity of the palladium complexes.

Conclusions

This work demonstrates for the first time the efficiency of
pyridinium amidate (PYA) ligands in promoting palladium-
catalyzed ethylene polymerization, thus expanding the
family of N,N-bidentate ligands for this type of reaction
beyond o,o'-diimine and bian-type ligands. Related PYA
ligand systems have succeeded in converting ethylene,
though they afforded either selectively butenes from
dimerization, or weight oligomerization
products, but never showed activity in polymerization. A
critical parameter for entailing polymerization is an
orthogonal arrangement of the pyridinium heterocycles
with respect to the bis-amidate core of the bisPYA ligands,
which was imposed by the introduction of ortho-dimethyl
substitution of the pyridinium ring. Moreover, electronic
tailoring of the ligand by wusing 2-aminopyridine
(ortho-PYA) scaffolds and in situ catalyst activation with
BArF to suppress solvent coordination are key factors for

low-molecular

[Pd]
NaBArF
CoMa AN+ SN
CD,Cly, 23 °C
Conversion” . Alkyl/vinyl ratio® 1/b ratio®
Major v Y
Entry [Pd] NaBArF 45 min 16 h product 45 min 16 h 45 min 16 h
1 5a — 84% >99% Butenes 2/1 5/1 — —
2 5d — >99% >99% Butenes 5/1 7/1 — 8/1
3 6a — 27% 27% Butenes 1/5 1/5 — —
4 6d — 60% 60% Butenes 1.5/1 1.5/1 — —
5 5d 1.1 eq. >99% >99% Oligomers 6/1 13/1 30/1 5/1
6 5d 2.5 eq. >99% >99% Oligomers 23/1 90/1 7/1 5/4
7 6d 1.1 eq. >99% >99% Oligomers 11/1 16/1 20/1 4/1
8 6d 2.5 eq. >99% >99% Oligomers 53/1 50/1¢ 5/1 2/1

“ Reaction conditions: [Pd] (10 pmol), NaBArF (0, 11 or 25 umol), durene (50 umol, internal standard) in dry CD,Cl, (0.5 mL) saturated with
ethylene (~1 M). ? Conversion monitored by 'H NMR spectroscopy after 45 min and 16 h under constant spinning at 23 °C, incomplete
ethylene conversion was determined by "H NMR integration of the butene and propylene resonances against the residual ethylene signal and is
approximate only. ¢ Ratios determined by 'H NMR spectroscopy of the crude reaction mixture (Fig. S53-S55). ¢ Decreasing alkyl/vinyl ratio

attributed to the precipitation of polymeric products.
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ensuing polymer growth. The sensitivity to solvent
coordination underlines the step-growth mechanism of
these systems. Under mild conditions (room temperature,
1 bar ethylene), a remarkable productivity was noted with
about 10 kg PE per mol palladium, which bodes well for
further polymerization tests under industrially relevant
conditions (higher temperature and ethylene pressure) as
well as for co-polymerization, e.g. with polar co-monomers.
Time-dependent analysis of the products indicates the
initial formation of linear polymers, yet a high degree of
branching after prolonged reaction time, indicative of
efficient chain walking and f-hydride elimination
processes, an attractive property for the production of low-
density polyethylene (LDPE). Mechanistic work furthermore
provides support for a dual role of NaBArF as (i) an
additive for halide abstraction and (ii) as a templating
agent via coordination to the 1,2-dicarbonyl core of the
bis(PYA) ligand. Such metal sequestration may offer
opportunities for tailoring the ligand donor properties
through remote coordination, an aspect that is currently
under further investigation in our laboratories.

Conflicts of interest

The authors declare no competing financial interest.

Data availability

All data pertaining to this manuscript are available as
electronic supporting information (SI): synthetic procedures,
full characterization of the ligand precursors, Pd complexes,
NMR analysis and GC-MS characterization of the catalytic
mixtures, crystallographic data and catalytic experiments
(pdf). Supplementary information is available. See DOI:
https://doi.org/10.1039/d5cy01102g.
CCDC 2440549-2440552 contain
crystallographic data for this paper.”***

the supplementary

Acknowledgements

We thank the Crystallography Service of the DCBP for all
X-ray analyses and the Swiss National Science Foundation
(grant no 200020_212863) for generous financial support of
this work.

References

1 L. K. Johnson, C. M. Killian and M. Brookhart, J. Am. Chem.
Soc., 1995, 117, 6414-6415.

2 E. Drent, R. van Dijk, R. van Ginkel, B. van Oort and R. L
Pugh, Chem. Commun., 2002, 744-745.

3 (a) A. Meduri, T. Montini, F. Ragaini, P. Fornasiero, E.
Zangrando and B. Milani, ChemCatChem, 2013, 5,
1170-1183; (b) A. C. Albeniz, P. Espinet and R. Lopez-
Fernandez, Organometallics, 2003, 22, 4206-4212; (c) T. V.
Laine, K. Lappalainen, J. Liimatta, E. Aitola, B. Lofgren and
M. Leskeld, Macromol. Rapid Commun., 1999, 20, 487-491.

7470 | Catal. Sci. Technol., 2025, 15, 7464-7472

10

11

12

13
14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

View Article Online

Catalysis Science & Technology

T. Kochi, S. Noda, K. Yoshimura and K. Nozaki, J. Am. Chem.
Soc., 2007, 129, 8948-8949.

G. ]J. Domski, J. M. Rose, G. W. Coates, A. D. Bolig and M.
Brookhart, Prog. Polym. Sci., 2007, 32, 30-92.

Z. Chen and M. Brookhart, Acc. Chem. Res., 2018, 51,
1831-1839.

A. Nakamura, T. M. ]J. Anselment, J. Claverie, B. Goodall,
R. F. Jordan, S. Mecking, B. Rieger, A. Sen, P. W. N. M. van
Leeuwen and K. Nozaki, Acc. Chem. Res., 2013, 46,
1438-1449.

N. M. G. Franssen, J. N. H. Reek and B. de Bruin, Chem. Soc.
Rev., 2013, 42, 5809-5832.

S. Dai, S. Zhou, W. Zhang and C. Chen, Macromolecules,
2016, 49, 8855-8862.

X. Hu, C. Wang and Z. Jian, Polym. Chem., 2020, 11,
4005-4012.

R. Wu, W. Klingler Wu, L. Stieglitz, S. Gaan, B. Rieger and
M. Heuberger, Coord. Chem. Rev., 2023, 474, 214844.

M. Navarro, V. Rosar, T. Montini, B. Milani and M. Albrecht,
Organometallics, 2018, 37, 3619-3630.

J. J. Race and M. Albrecht, ACS Catal., 2023, 13, 9891-9904.
M. Navarro, V. Rosar, T. Montini, B. Milani and M. Albrecht,
Organometallics, 2018, 37, 3619-3630.

G. M. O Miille, A. Dall'Anese, P. Grossenbacher, T. Montini,
B. Milani and M. Albrecht, Dalton Trans., 2021, 50,
6133-6145.

C. Alberoni, E. Reusser, G. Balducci, E. Alessio, M. Albrecht
and B. Milani, Dalton Trans., 2025, 54, 6876-6886.

E. Reusser, B. Milani and M. Albrecht, Organometallics,
2025, 44, 1176-1185.

S. D. Ittel, L. K. Johnson and M. Brookhart, Chem. Rev.,
2000, 100, 1169-1204.

L. Guo, H. Gao, Q. Guan, H. Hu, J. Deng, J. Liu, F. Liu and
Q. Wu, Organometallics, 2012, 31, 6054-6062.

S. Takano, D. Takeuchi, K. Osakada, N. Akamatsu and
A. Shishido, Angew. Chem., Int. Ed., 2014, 53,
9246-9250.

Y. Zhang, C. Wang, S. Mecking and Z. Jian, Angew. Chem.,
Int. Ed., 2020, 59, 14296-14302.

S. Dai, X. Sui and C. Chen, Angew. Chem., Int. Ed., 2015, 54,
9948-9953.

A. Dall'Anese, V. Rosar, L. Cusin, T. Montini, G. Balducci, I.
D'Auria, C. Pellecchia, P. Fornasiero, F. Felluga and B.
Milani, Organometallics, 2019, 38, 3498-3511.

W. Zhang, P. M. Waddell, M. A. Tiedemann, C. E. Padilla, J.
Mei, L. Chen and B. P. Carrow, J. Am. Chem. Soc., 2018, 140,
8841-8850.

K. Salzmann, C. Segarra, A. Carrel and M. Albrecht,
ChemistryEurope, 2024, 2, €202300070.

E. Reusser, M. A. Fouad, F. Ferretti, F. Ragaini and M.
Albrecht, ChemCatChem, 2025, 17, €202401933.

N. Lentz, Y. Streit, P. Knorr and M. Albrecht, Chem. - Eur. J.,
2022, 28, €202202672.

Quantitative '"F NMR analysis (see ref. 29) revealed the
presence of 0.75 eq. PF, per ligand in 2a and 0.25 eq. PF, for
2c¢.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5cy01102g
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy01102g

Open Access Article. Published on 30 October 2025. Downloaded on 2/16/2026 12:55:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

29

30

31

32
33

34

35

36

37

38

Quantitative '’F NMR analysis was performed by adding
a drop of 1,2,4,5-tetrafluorobenzene to a pure solution
of the analyte. Subsequent comparison of the standard/
analyte ratio in 'H and '’F NMR spectra indicated the
number of PF¢ anions per ligand unit. The method was
tested against control samples with known number of
fluorine nuclei and gave results within classical NMR
integration errors. 16 scans and a relaxation delay of 6
s were used to ensure a reliable signal integration (Fig.
$1,52).

Upon exposing 2c¢ to 2.5 eq. LiIHMDS, a species
spectroscopically different from 3c was isolated. The
chemical shift for the NCH; resonance of this species, 6y =
3.86 lies between the values observed for 2¢ (8y = 4.20) and
3c (dy = 3.72, Fig. S17). Additionally, CHN elemental
analysis suggested a composition consistent with 3c +
LiPFs + H,O, while mass spectrometry detected M+Li
signals but showed no signal corresponding to M+H (Fig.
$18). Quantitative '°F analysis (see ref. 29) indicated 0.9 eq.
PFs per ligand. Similar data were obtained from the
reaction of 2a and 2d with LiHMDS after washing the
product with THF, suggesting formation of a LiPF, adduct
analogous to that observed for 2c.

L. K. Johnson, S. Mecking and M. Brookhart, J. Am. Chem.
Soc., 1996, 118, 267-268.

F. Wang and C. Chen, Polym. Chem., 2019, 10, 2354-2369.

V. Rosar, A. Meduri, T. Montini, P. Fornasiero, E. Zangrando
and B. Milani, Dalton Trans., 2018, 47, 2778-2790.

V. Khlebnikov, A. Meduri, H. Mueller-Bunz, T. Montini, P.
Fornasiero, E. Zangrando, B. Milani and M. Albrecht,
Organometallics, 2012, 31, 976-986.

R. Nakano and K. Nozaki, J. Am. Chem. Soc., 2015, 137,
10934-10937.

A. J. Bukvic, V. Kesselring, M. Aeschlimann and M. Albrecht,
Inorg. Chem., 2023, 62, 2905-2912.

Complex 4d displayed two sets of signals even in the
presence of excess chloride, most distinctly revealed by
the two sets of two different resonances each for the
NCH; and Cp,~CH; groups (Fig. S36). These sets were
attributed to syn and anti isomers due to hindered
rotation about the exocyclic Npya-Cpr bond. Upon
heating complex 4d to 55 °C in DMSO, one exchange
becomes fast on the NMR time scale (attributed to the
solvento/chlorido exchange), and at 75 °C, the two
remaining sets of signals attributed to the syn/anti
rotamers also coalesced (Fig. S35). The energy barrier for
this second process was estimated using the Eyring
equation (ref 38,39) at AG* = 17.9 kcal mol . Notably, in
D,0, only two sets of signals were distinguishable, which
was attributed to the rotamers in approximate 3:1 ratio
and the absence of the solvento complex (Fig. S37). In
both solvents, only the C,,~CH; chemical shifts were
sufficiently different, which prevented a full assignment
of syn vs anti isomers.

W. Chen, E. B. Twum, L. Li, B. D. Wright, P. L. Rinaldi and
Y. Pang, J. Org. Chem., 2012, 77, 285-290.

This journal is © The Royal Society of Chemistry 2025

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60
61

View Article Online

Paper

M. T. Huggins, T. Kesharwani, J. Buttrick and C. Nicholson,
J. Chem. Educ., 2020, 97, 1425-1429.

G. R. Fulmer, A. J. M. Miller, N. H. Sherden, H. E. Gottlieb,
A. Nudelman, B. M. Stoltz, J. E. Bercaw and K. I. Goldberg,
Organometallics, 2010, 29, 2176-2179.

F. Tang, F. Qu, J. R. Khusnutdinova, N. P. Rath and L. M.
Mirica, Dalton Trans., 2012, 41, 14046-14050.

J. E. Bercaw, G. S. Chen, J. A. Labinger and B.-L. Lin,
Organometallics, 2010, 29, 4354-4359.

J. E. Bercaw, G. S. Chen, J. A. Labinger and B.-L. Lin, J. Am.
Chem. Soc., 2008, 130, 17654-17655.

A. L. Seligson and W. C. Trogler, Organometallics, 1993, 12,
738-743.

Degradation was also slower with the related complex 4a’
containing N-Bu instead of N-Me groups at the pyridinium
unit (see SI).

R. Tanaka, O. A. Ajala, Y. Nakayama and T. Shiono, Prog.
Polym. Sci., 2023, 142, 101690.

T. D. Shaffer and J. R. Ashbaugh, J. Polym. Sci., Part A: Gen.
Pap., 1997, 35, 329-344.

Y. Li, M. Cokoja and F. E. Kihn, Coord. Chem. Rev.,
2011, 255, 1541-1557.

J.-N. Pédeutour, K. Radhakrishnan, H. Cramail and A.
Deffieux, = Macromol. ~ Rapid  Commun., 2001, 22,
1095-1123.

J. M. Malinoski and M. Brookhart, Organometallics, 2003, 22,
5324-5335.

G. R. Jones, H. E. Basbug Alhan, L. J. Karas, J. I. Wu and E.
Harth, Angew. Chem., Int. Ed., 2021, 60, 1635-1640.

Z. Guan, P. M. Cotts, E. F. McCord and S. J. McLain, Science,
1999, 283, 2059-2062.

P. M. Cotts, Z. Guan, E. McCord and S. McLain,
Macromolecules, 2000, 33, 6945-6952.

D. Zhang, E. T. Nadres, M. Brookhart and O. Daugulis,
Organometallics, 2013, 32, 5136-5143.

(a) V. S. Tkach, D. S. Suslov, G. Myagmarsuren and F. K.
Shmidt, Russ. J. Appl. Chem., 2007, 80, 1419-1423; (b) M.
Zabransky, W. Oberhauser, G. Manca, I. Cisarova and P.
Stepnicka, Organometallics, 2019, 38, 1534-1543; (c) Z. Wu,
M. Chen and C. Chen, Organometallics, 2016, 35,
1472-1479.

(@) Y. Na, S. Dai and C. Chen, Macromolecules, 2018, 51,
4040-4048; (b) Y. Zhang, C. Wang, S. Mecking and Z. Jian,
Angew. Chem., Int. Ed., 2020, 59, 14296-14302.

S. K. Gupta, S. V. Rao, S. Demeshko, S. Dechert, E. Bill, M.
Atanasov, F. Neese and F. Meyer, Chem. Sci, 2023, 14,
6355-6374.

C. P. Delaney, E. Lin, Q. Huang, I. F. Yu, G. Rao, L. Tao, A.
Jed, S. M. Fantasia, K. A. Plintener, R. D. Britt and J. F.
Hartwig, Science, 2023, 381, 1079-1085.

M. R. Truter, in Alkali Metal Complexes with Organic Ligands,
Springer, Berlin, Heidelberg, 1973, pp. 71-111.

K. M. Fromm, Coord. Chem. Rev., 2008, 252, 856-885.

Q. Hatlevik, M. C. Blanksma, V. Mathrubootham, A. M.
Arif and E. L. Hegg, J. Biol Inorg. Chem., 2004, 9,
238-246.

Catal. Sci. Technol., 2025,15, 7464-7472 | 7471


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy01102g

Open Access Article. Published on 30 October 2025. Downloaded on 2/16/2026 12:55:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

62

63

64

65

66

67

W. Meng, A. B. League, T. K. Ronson, J. K. Clegg, W. C. L
Isley, D. Semrouni, L. Gagliardi, C. J. Cramer and ]J. R.
Nitschke, J. Am. Chem. Soc., 2014, 136, 3972-3980.

P. P. Nievergelt, M. Babor, J. Cejka and B. Spingler, Chem.
Sci., 2018, 9, 3716-3722.

A. Sumida, R. Kobayashi, T. Yumura, H. Imoto and K. Naka,
Chem. Commun., 2021, 57, 2013-2016.

A. C. Brown and D. L. M. Suess, J. Am. Chem. Soc., 2023, 145,
2075-2080.

While this elongation of the K...F interactions might point
to partial localization of negative charge on the bis(amide)
oxygen atoms, the C=0O bonds in 6d are in the 1.226(4)-
1.238(7) A range and thus identical within esds to those of
ligand precursor 2d (C=0 1.220(7) A) without any alkali
metal coordination.

W. He, F. Du, Y. Wu, Y. Wang, X. Liu, H. Liu and X. Zhao,
J. Fluorine Chem., 2006, 127, 809-815.

7472 | Catal Sci Technol, 2025,15, 7464-7472

68

69

70

71

72

73

View Article Online

Catalysis Science & Technology

N. M. Do, M. A. Olivier, J. J. Salisbury and C. B. Wager, Anal.
Chem., 2011, 83, 8766-8771.

A. O. Mattes, D. Russell, E. Tishchenko, Y. Liu, R. H.
Cichewicz and S. J. Robinson, Concepts Magn. Reson., Part A,
2016, 45A, €21422.

P. S. Pregosin, Pure Appl. Chem., 2009, 81, 615-633.

P. S. Pregosin, Magn. Reson. Chem., 2017, 55, 405-413.

R. Nanda and K. Damodaran, Magn. Reson. Chem., 2018, 56,
62-72.

(@) CCDC 2440549: Experimental Crystal Structure
Determination, 2025, DOL 10.5517/ccdc.csd.cc2mxldk; (b)
CCDC  2440550:  Experimental  Crystal  Structure
Determination, 2025, DOI: 10.5517/ccde.csd.cc2mxlfl; (c)
CCDC  2440551:  Experimental  Crystal  Structure
Determination, 2025, DOIL 10.5517/ccdc.csd.cc2mxlgm; (d)
CCDC  2440552:  Experimental  Crystal  Structure

Determination, 2025, DOI: 10.5517/ccdc.csd.cc2mxlhn.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.5517/ccdc.csd.cc2mxldk
https://doi.org/10.5517/ccdc.csd.cc2mxlfl
https://doi.org/10.5517/ccdc.csd.cc2mxlgm
https://doi.org/10.5517/ccdc.csd.cc2mxlhn
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy01102g

	crossmark: 


