Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 18 March 2025. Downloaded on 3/3/2026 11:56:35 AM.

(cc)

7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

The crucial role of acetonitrile in the mechanism
of Pd(i)-catalyzed activation of polar vinyl
monomerst

{ M) Check for updates ‘

Cite this: Dalton Trans., 2025, 54,
6876

a

Chiara Alberoni, @ Enzo Alessio,

Martin Albrecht

12 Esaie Reusser, (©® Gabriele Balducci,
* and Barbara Milani (0 *@

The migratory insertion reaction of a polar vinyl monomer into the Pd—alkyl bond and the chain walking
process are two of the key steps in the catalytic cycle for the synthesis of functionalized polyolefins through
coordination/insertion polymerization. Here, we present a detailed NMR investigation to gain insight into
these fundamental steps and demonstrate the critical role of traces of MeCN in this process. We used Pd(i)
complexes containing a N—N' bidentate pyridyl-pyridylidene amide (py-PYA) ligand, which are known to
cooligomerize ethylene and methyl acrylate (MA). The reaction of three related Pd—(py-PYA) complexes, viz.
neutral [Pd(CH3)Cl(py-PYA)], 1a, and cationic derivatives [Pd(CH=z)(NCCH=)(py-PYA)I[X], X = BArF 1b and PFg
1c, with either MA or N,N-dimethylacrylamide (DMA), showed distinct reactivity with the two polar mono-
mers. While 4-, 5-, and 6-membered palladacycles, resulting from the migratory insertion reaction of the
polar monomer into the Pd—CHs bond and subsequent chain walking, were detected with both monomers,
their amounts varied considerably with the type of polar monomer, the anion, and the amount of MeCN.
Specifically, we found that the coordinating ability of MeCN plays a critical and ambivalent role: on one hand,
it hampers the coordination and insertion of the polar olefin, and on the other hand, it markedly suppresses
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the chain walking process. Moreover, we report here the first solid state structure of a 5-membered metalla-
cyclic species derived from DMA insertion into the Pd—CHsz bond. The palladacyclic complexes are remark-
ably robust towards ethylene, though they react with carbon monoxide to form the palladium acyl species,

rsc.li/dalton opening perspectives for these complexes to catalyze CO/DMA copolymerization.

competition with the insertion of a new monomer molecule
into the growing polymer chain and it can occur after the
insertion of both ethylene and the polar monomer. In the first
case, it determines the branching density of the obtained
macromolecule, whereas in the second case, it is responsible
for locating the polar monomer at the end of the branches
(Scheme 1). These two features contribute significantly to the
definition of the chemical, physical, and mechanical pro-
perties of the produced polymer and consequently its potential
applications.

Two types of Pd(u) catalysts have mainly been investigated
for the copolymerization of ethylene with industrially relevant
polar vinyl monomers, such as acrylic esters and acrylamides.
One is based on o-diimine chelates (N-N, L1, Chart 1) that
typically lead to branched macromolecules with a low content

1. Introduction

The efficient synthesis of functionalized polyolefins through
the direct, controlled, and homogeneously catalyzed copoly-
merization of ethylene with polar vinyl monomers remains an
unsolved problem in the field of polymer chemistry." For
potential industrial exploitation, in addition to finding a cata-
lyst with sufficiently high activity, the chain walking process
needs to be controlled to tune the microstructure of the
produced macromolecules.”” Indeed, this process is in
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of the polar monomer, inserted preferentially at the end of the
branches as a result of the chain walking process.®™® The
other contains phosphino-sulfonate chelates (P-O, L2, Chart 1)
that promote the formation of linear copolymers with a high
content of the polar monomer inserted into the main chain
(almost in a 1: 1 ratio with ethylene).'""?

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 The chain walking process taking place after the insertion of ethylene (top) and methyl acrylate (bottom). GP = growing polymer chain.
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Chart 1 Examples of families of ancillary ligands reported in the literature for Pd-catalyzed copolymerization of ethylene and polar vinyl

monomers.

Following Brookhart’s seminal work,® the control of copoly-
mer topology was mainly addressed through modifications of
the N-N structure.”'* For instance, the highly encumbered
a-diimine L3 (Chart 1) produced hyperbranched copolymers with
the polar monomer inserted into the main chain.'>'® This way
of enchainment of methyl acrylate (MA), which is atypical for a
Pd-catalyst based on a-diimines, originates from a change in the
insertion regiochemistry from the usual 2,1 to 1,2 fashion, ham-
pering the chain walking process after polar monomer insertion.

With the purpose of slowing down the chain walking process,
highly hindered substituents were introduced at the ortho posi-

This journal is © The Royal Society of Chemistry 2025

tions of the aryl rings, and the diaryl methyl fragment emerged
as the preferred common motif (L4 derivatives in Chart 1)."”'®
This motif has also been very recently applied to Pd-catalysts
containing o-diimines with the acenaphthene skeleton, L5."*
Another approach involves the introduction of specifically
functionalized groups on the N-N chelate, such as a benzothio-
phene in L4 or an imide functionality in L6 (Chart 1)."°7>" The
former, through an interaction of the sulfur atom of L4 with
the B-CH moiety of the growing copolymeric chain, inhibited
f-H elimination, thereby suppressing both the chain walking
process and the chain transfer reaction. Conversely, the

Dalton Trans., 2025, 54, 6876-6836 | 6877
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H-bond donor properties of L6 assisted the insertion of MA
into the Pd-alkyl bond and promoted the opening of the metal-
lacycle intermediate obtained after MA insertion.

In line with these findings, we reported that also the intro-
duction at one of the coordination sites of the Pd center of a
hemilabile, potentially bidentate ligand, such as a thiopheni-
mine L7, affected the way of the polar monomer enchainment
(Chart 1).2* Methyl acrylate was inserted both in the main
chain and at the end of the branches of the copolymers
depending on both the solvent used for the catalysis and the
substituents on ligand L7. An in-depth NMR study highlighted
that L7 remained in close proximity to the metal ion, favoring
the formation of an open-chain intermediate, which slowed
down the chain walking process and trapped the polar
monomer into the copolymer main chain.

Acrylamides, e.g. N,N-dimethylacrylamide (DMA), constitute
another family of polar vinyl monomers of industrial
interest.>*** Ethylene/acrylamide copolymers were produced
with Pd(u) catalysts bearing P-O chelates (L2, Chart 1), but not
with a-diimine ligands. The polar monomer was incorporated
both in the main chain and in unsaturated chain ends,
suggesting that f-H elimination takes place after DMA inser-
tion.>® Similarly, a neutral Ni(u) complex with the P-O chelate
L8 was effective in ethylene/DMA copolymerization, achieving
3.3 mol% DMA incorporation.”> The high steric hindrance
around the Ni center was suggested to disfavor the p-H elimin-
ation reaction and the formation of deactivated dinuclear
species, leading to increased activity and high molecular
weight of the obtained copolymers.

In an effort to combine the different donor motifs of P-O
chelates and the benefits of N-N a-diimines, we developed dis-
symmetric N-N'-pyridyl-substituted pyridylidene amide (py-
PYA) chelates such as L9 for ethylene/MA copolymerization
(Chart 2). We found a clear relationship between the electronic
properties of these ligands and the catalytic behavior of their
palladium complexes (Chart 2).>° In particular, the coordi-
nation/insertion reaction of both ethylene and the polar
monomer was favored with the ortho-pyridylidene system o-L9,
in which the pyridinium heterocycle is twisted out of the metal
coordination plane. This structural feature resulted in a pro-
nounced anionic character of the PYA nitrogen donor atom
and thus increased the electron density on the palladium

View Article Online
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ion,”” a feature that according to the literature enhances cata-
Iytic performances compared to Brookhart’s catalyst for ethyl-
ene/methyl acrylate copolymerization.>*>°

However, the productivity of Pd(u) catalysts with py-PYA
ligands was low and the increase of the steric hindrance around
the metal center was considered an advantageous approach for
obtaining better performing catalysts. Thus, the new py-PYA
ligand L10 was synthesized, introducing an additional methyl
group on the 3-position of the PYA ring (Chart 2).*° The corres-
ponding  palladium(n) complex, [Pd(CHj)(NCCH;)(L10)]",
reached a productivity of 26.6 g of polymer per g of Pd, affording
unsaturated esters together with significant amounts of ethyl-
ene/MA cooligomers. In situ NMR investigations showed for the
first time the presence of a 4-membered palladacycle (MC4™4),
originating from migratory insertion of MA into the Pd-CHj
bond. Over time, part of the MC4™* intermediate evolved into
the corresponding 5-membered palladacycle MC5™*, but did not
proceed further to the commonly observed 6-membered pallada-
cycle, thus indicating that the chain walking process is very slow
and it is in competition with p-H elimination, leading to the for-
mation of methyl crotonate, MeCr (Scheme 2).*°

Due to the importance of the chain walking process in deter-
mining the polymer microstructure,>”'**' we aimed to gain
further insight into the parameters that control this reactivity. A
particular focus is directed towards the possibility to tune the
availability of a coordination site on palladium, which is required
for chain walking (Scheme 1). Specifically, we investigated the
critical role of several factors including the nature of the counter-
ion, the coordinating ability of the polar monomer, and - in par-
ticular - the relevance of stoichiometric amounts of MeCN. With
this aim, we performed detailed in situ NMR studies on the reac-
tion of both cationic [Pd(CH;)(NCCH,)(L10)]" and in situ acti-
vated neutral [Pd(CH;)Cl(L10)] complexes with polar vinyl mono-
mers MA and DMA, by varying the above mentioned parameters.
These insights provide guidelines for tailoring monomer inser-
tion and for controlling linear vs. branched polymer structures.

2. Results and discussion

The reaction of ligand L10 with [Pd(cod)(CH;)Cl] afforded the
neutral complex [Pd(CH;)CI(L10)] (1a) in excellent isolated

— O — O — (0]
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Chart 2 N-N'-pyridyl-pyridylidene amide (py-PYA) ligands L9 and L10. The limiting resonance structures for L10 are shown. The formal charges
on ligand atoms are shown to highlight the zwitterionic form of the ligand; conventionally, no local charges are drawn.’
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Scheme 2 Formation of 4-membered metallacycle MC4MA

formation of MC5MA

yields (92%, Scheme 3).*> In the presence of a small excess of
sodium tetrakis[3,5-bis(trifluoromethyl)phenylJborate NaBATrF,
1a was converted into the cationic solvento complex [Pd(CHj3)
(NCCH;)(L10)][BArF] (1b) in good yields (78%). Both com-
plexes are air and moisture stable.

Characterization of the complexes by NMR spectroscopy
revealed two sets of signals - attributed to the cis and trans
isomers - both for 1a and 1b. The two isomers can be easily
distinguished by their distinct Pd-CHj; singlets, which appear
ca. 1 ppm apart. The cis descriptor is attributed here to the
isomer featuring the Pd-CH; group cis to the PYA nitrogen and
trans to the pyridyl nitrogen (Scheme 3). In both complexes,
NOE analysis indicated that the cis isomer is the major
species, with a 4 : 1 cis/trans ratio in 1a and a 19: 1 ratio in 1b.
In the cis isomer of 1b, due to the shielding effect of the adja-
cent PYA ring, the Pd-CH; group resonates at a much lower
frequency, iy = —0.06 ppm, than in the trans analogue, dy =
+1.02 ppm (CD,Cl, solution, Fig. S1 and S27). The large prefer-
ence for the cis isomer in both 1a and 1b indicates that the
PYA nitrogen exerts a considerably stronger trans influence
than the pyridyl moiety. In addition, due to the out-of-plane
orientation of the unsymmetrical PYA ring, the coordination
plane is not a symmetry element, and thus these complexes
are planar chiral, yet they form as racemates.

In the first series of experiments aimed at elucidating the
reactivity of these complexes towards polar comonomers, 2
equiv. of MA and 1 equiv. of NaBArF were simultaneously
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upon methyl acrylate (MA) insertion into the Pd—Me bond in a Pd(py-PYA) complex and
upon chain walking and methyl crotonate (MeCr) from p-H elimination.

added to a CD,Cl, solution of 1a (Scheme 4). The '"H NMR
spectrum recorded immediately after the addition showed no
residual signals for complex 1a (both isomers), indicating its
full conversion into three new species (Fig. S31) identified as
the 4-, 5- and 6-membered metallacycles (MC4™*, MC5M*, and
MC6™M*, respectively), resulting from the migratory insertion
reaction with the secondary regiochemistry of MA into the Pd-
CH; bond of 1a to yield MC4™* followed by chain walking to
afford MC5™* and MC6™* (Scheme 4 and Table 1). The reso-
nances were assigned on the basis of integration, signal multi-
plicity and two-dimensional NMR experiments (Fig. S4 and
S5f). The NMR data indicate that for each detected pallada-
cycle, only the cis isomer, identified as the species with the
Pd-C bond adjacent to the pyridylidene-amide ring, was
evident. In addition, for MC4™* and MC5™*, due to the planar
chirality and the fact that the palladium-bound carbon atom
(aC) is a stereogenic center, the presence of four - equally
abundant - diastereomers for each metallacycle is expected. It
is quite likely, however, that their proton NMR resonances
might not be distinguishable. Two of such diastereomers -
presumably characterized by the opposite chirality of aC - are
clearly evident for MC5™* in the "H NMR spectrum of the reac-
tion mixture recorded after 5 min by the splitting of the aCH,
BCH;, and CH, resonances (Fig. S37). It is noteworthy that
small amounts of MC4™* were detected only within the first
5 min of the reaction, whereas MC5™* and MC6™* were always
present. The MC4™*:MC5™*:MC6™* ratio changed from
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Scheme 3 Synthesis of 1a and 1b (cis and trans isomers indicated for the cationic complex only).
— o) —|0/+ o - o " - o - _ o) —|+ — o) —|+ — o) T+
Q_/(Nb SHoon, W 8 W g N Nb \ » Q_/(N » i
% g N N, NN~ - N, NN+ v N e N N( 2 W ¢ N + CHyON */\)J\o/
Pd CD,Cly rt. Pd 7 Pd 7 Pd pd 7 Pd
X" CHy o/\ o>\_7— o‘ HsCCN™ CHjy
X: Cl (1a), NCCH3 (1b
(1a) 53 (1b) OCH, HCO H3CO
mCc4MA mc5MA MceMA 1b MeCr

Scheme 4 Products detected by in situ NMR spectroscopy from the reaction of the Pd complexes 1a and 1b with MA.
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Table 1 Relative amounts, in mol%, of the compounds present in solution at t = 1 min after the addition of MA to each starting mixture

Starting mixture Mc4aMA ocMA mcs™ mce™ 1b Free CH;CN
1la + NaBArF 16 — 15 69 — —

1b 8 26 6 15 45 Yes

1a + NaBArF + CH;CN (1 equiv.) 9 29 4 14 44 Yes

1a + NaBArF + CH;CN (2 equiv.) 5 20 — — 75 Yes

16:15:69 after 1 min to 0:15:85 after 150 min (Table S17).
The resonances of methyl crotonate (MeCr) started to appear
after about 30 min and slowly increased with time, together
with the appearance of a fine dark precipitate of Pd(0).
Different results were found when the same experiment was
performed with a solution of the cationic complex 1b
(Scheme 4 and Table 1). In the spectrum recorded 1 min after
the addition of MA, the main resonances were due to residual
1b (45%), MC4™*, MC6™*, free CH,CN and a new species,
whereas the signals of MC5™* were almost negligible
(Fig. S67). The new species, rapidly growing with time, features
a Pd-bound acetonitrile (singlet at 2.45 ppm) and was identi-
fied as the open-chain intermediate (OC™*), generated by
MeCN coordination to MC4™* (Scheme 4). After 150 min, the
MC4aM*: oC™MA: MC5™A : MC6™M* ratio was 17:54:8:21, indi-

cating that in 1b the coordination of MA, the migratory inser-
tion reaction, and especially the chain walking process are
slower than on the neutral complex 1a activated in situ with
NaBArF (Table S17). This difference in the rate is most likely
due to the presence of the bound acetonitrile in 1b, which
occupies one of the coordination sites available for catalysis
on palladium (Fig. 1). MA insertion in the complex [Pd(CHj3)
(NCCH3)(L10)][PFs] (1c), which differs from 1b only by the
counterion (PFs~ instead of BArF), is even slower: MC5™* is
not detectable in the first 15 min and MC6™* not at all during
the first 10 h.*° This observation is in agreement with the well-
known positive effect of BArF with respect to PFs~ on catalyst
activity.>® Furthermore, the data indicate that chain walking is
also affected by the nature of the counterion and is particularly
slow with PF,s~, presumably because of tighter ion pairing of

— o) —|+ _ o) —|+ — o] + — o) —|+
/ — _ / — \ 7 -
WNb Q_/(Nb : N NN N, ;N%I}
oy N N od - gl -
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Fig. 1 'H NMR spectra (CD,Cl,, 298 K) of the reaction mixture at t = 150 min of (a) 1a + NaBArF (1 equiv.) and MA (2 equiv.) and (b) 1b + MA (2

equiv.). *n-hexane; **diethyl ether.
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this anion compared to BArF, which in turn disfavors CH;CN
decoordination as the key step to promote chain walking. With
1b, traces of Pd(0) precipitate became visible in the NMR tube
only after 4 days at room temperature, confirming that MC4™*/
OCM* species in these Pd(py-PYA) compounds are remarkably
stable.

To further investigate the role of CH3;CN, an additional
NMR experiment was carried out with the neutral complex 1a,
adding - besides 2 equiv. of MA and 1 equiv. of NaBArF - also
1 equiv. of CH3CN. In this case, the resonances of 1a dis-
appeared immediately after the addition and were replaced by
those of 1b, as a mixture of both stereoisomers (cis: trans =
97:3) and those of OCM* and the three palladacycles as well as
the singlet of free acetonitrile in ratios essentially identical to
those starting from 1b (Scheme 4, Table 1 and Fig. S8%).
Monitoring the reaction over time revealed that 1b disappeared
after 150 min, while MC4™* and OC™* remained the most
abundant species present. In addition, the NOESY spectrum
showed an exchange cross peak between the singlets of free
acetonitrile and bound CH;CN in OC™* (Fig. S9t). Dynamic
equilibrium might be a simple exchange between bound and
free acetonitrile or ring closure of 0C4™* with the formation of
the corresponding palladacycle MC4™* and release of MeCN.
In this second hypothesis, the expected exchange cross peaks
are not visible due to the close proximity of the relevant NMR
resonances. This reactivity is comparable to that of the cationic
acetonitrile complex 1b (see above).

Qualitatively similar results were obtained when 2, rather
than 1 equiv. of acetonitrile, were added, but the dis-
appearance of the in situ formed 1b was slower. Moreover, no
signals from MC5™* or MC6™* were detected, and MC4™* and
OCM* were the only species present in the solution after
150 min (Fig. S12 and S137).

Overall, these detailed NMR analyses indicate that the pres-
ence of acetonitrile markedly slows down the reaction with MA
and also the chain walking process, thus increasing the
amounts of MC4™* and OCM*, In fact, the percentage of these
intermediates at ¢ = 150 min increased from 71% (1b) to 76%
(1a + 1 equiv. of CH;CN) and finally to 100% (1a + 2 equiv. of
CH;CN) (Fig. 2 and Table S1f). Moreover, MC4™* and oc™*
were not detected when the reaction was carried out with the
in situ activated 1a without the addition of acetonitrile, which
are the reaction conditions applied in several catalytic systems
reported in the literature.>**®

These results are in line with the effect of acetonitrile on
the polymerization-isomerization of 1-hexene catalyzed by
neutral Pd-(a-diimine) complexes.>® It was discovered that
depending on the concentration of acetonitrile in the reaction
medium, it was possible to affect the selectivity of the reaction,
going from fast isomerization and subsequent polymerization
in the absence of CH;CN to selective a-olefin polymerization
with 1 equiv. of CH;CN, and eventually to exclusive isomeriza-
tion when a large excess (20 equiv.) of MeCN was added.
Moreover, it was also demonstrated that the addition of p-tolu-
nitrile activated otherwise inactive Pd(a-diimine) complexes
towards the copolymerization of ethylene with specific polar

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Percentages of intermediates detected by NMR analysis in the
reaction between 1a, 1b or 1c with MA 150 min after the addition of the
polar monomer; MC4MA + OCMA (green bars), MC5M* (blue bars) and
MC6M* (red bars).

vinyl monomers, such as allyl acetate, tert-butyl 3-butenoate or
n-butyl allyl ether.** The results of our work strongly suggest
that the nitrile coordinated to the Pd(u) precatalyst hampers
the formation of metallacyclic intermediates, which are nor-
mally generated after the insertion of the polar monomer.

Due to the high reactivity of the neutral complex 1a towards
polar monomers, the scope of our investigation was expanded
to include acrylamides. Similar to MA, the treatment of
complex 1a with DMA under the same conditions described
above induced the rapid consumption of the starting complex.
The "H NMR spectrum recorded 15 min after the addition of
DMA showed the presence of two new species, assigned to the
cis and trans isomers of the 5-membered metallacycle MC5”™*
in a 73:24 ratio.”® The two isomers originated from DMA
insertion into the Pd-CH; bond with secondary regiochemistry
followed by chain walking (Scheme 5, Table 2, and Fig. S14-
S187). They were unambiguously distinguished by the chemi-
cal shift of the BCH; group: in cis-MC5”™*, it experiences the
shielding ring current from the adjacent PYA heterocycle and
thus resonates at a considerably lower frequency than in trans-
MC5°™4 (0.32 vs. 1.02 ppm). As in the corresponding MA
metallacycle, for both cis- and trans-MC5”™* the signals for a
pair of diastereomers - in ca. equal amounts - are observed as
indicated by the splitting of the BCH; doublets in two signals
of ca. equal intensity. In marked contrast with the reaction of
1a with MA, however, no signals attributable to the 4-mem-
bered palladacycle MC4”™* were detected.

The signals of a new minor species identified as MC6"™*
slowly grew with time at the expense of MC5”™A, Only one set
of signals was clearly visible that — based on the similarity with
the NMR spectrum of MC6™* - was assigned to the cis isomer.
Equilibrium was reached within 2 h, with a cis-MC5”™A : trans-
MC5°M4: MC6”™* ratio of 41 :38: 21 (Table S27).

This experiment pointed out a few differences in the reac-
tion of 1a with the two polar vinyl monomers. Firstly, chain
walking is faster with DMA than with MA once the monomer

Dalton Trans., 2025, 54, 6876-6386 | 6881
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Scheme 5 Products observed by in situ NMR monitoring of the reaction of complexes 1a and 1b with DMA.

Table 2 Relative amounts, in mol%, of the compounds present in solu-
tion at t = 15 min after the addition of DMA to the starting mixture

Starting cis- trans- Free
mixture MmcsP™4 mcsPMA MC6"™* 1b CH,CN
1la + NaBArF 73 24 3 —_ —

1b 32 24 2 42 Yes

is inserted into the Pd-CH; bond. Secondly, once the 5-mem-
bered palladacycle MC5 is formed, it remains the dominant
species with DMA, whereas it evolves to MC6 with MA. Finally,
for all the detected palladacycles, only the cis isomer was
observed upon MA insertion, while both cis- and trans-isomers
were observed for MC5”™A, This latter feature can be explained
by the specific coordination properties of the two functional
groups, amides vs. esters. Textbook coordination chemistry
suggests that the major isomer is the most stable, i.e. the one
where the weaker donor atom is trans to the group with the
larger trans-influence. By considering that the carbonyl oxygen
in amides is more basic than in esters and that the N atom of
the PYA ring has a larger trans-influence than the pyridyl-N
atom, the isomer distribution suggests that the carbanion has
donor properties comparable to the amide oxygen but larger
than the ester oxygen. This is also reflected in the distinct reac-
tivity of the DMA- and MA-metallacycles (see below).

Consistent with the reactivity towards MA, complex 1b reacts
more slowly than 1a + NaBArF also with DMA: in fact, after
15 min the major species present was unreacted 1b (42%)
together with cis- and trans-MC5”™* (32:24) and traces of
MC6"™* (2%, Table 2 and Fig. S191). However, in contrast with
the reaction with MA, with DMA full conversion of 1b took more
than 5 h (vs. 30 min with MA, Fig. S19t). After 5 h, the three pro-
ducts, cis- and trans-MC5”™* and MC6"™*, were present in solu-
tion at the same ratio as in the reaction of 1a with DMA (Fig. S19
and Table S2t), further confirming the high stability of the
DMA-derived metallacycles. In no case were the resonances of
the 4-membered palladacycle, MC4”™*, and/or those of the
corresponding open-chain intermediate observed.

The high stability of MC5”™* was exploited to grow single
crystals. The diffusion of n-hexane at 4 °C into a CD,Cl,
mixture of MC5”™* and MC6"™* afforded crystals suitable for
X-ray analysis. Successful acquisition and processing of the
crystallographic data showed that the asymmetric unit

6882 | Dalton Trans., 2025, 54, 6876-6836

contains a molecule of [trans-MC5”™*|[BArF], which is the
minor isomer present in solution (Fig. 3). This is the first
structurally characterized palladacycle obtained from insertion
of DMA into a Pd(u)-CH; bond, followed by chain walking.

The Pd(u) ion in trans-MC5”™* displays the classical square
planar coordination geometry with the chelating PYA ligand
opposite to the 5-membered C~O metallacycle. The bond
lengths and angles around the metal center are in line with
the values observed in other Pd(u) complexes containing a
pyridyl-PYA ligand.”®*°® The Pd-Npy, bond is considerably
longer than the Pd-N,,, bond (Pd-N2 2.121(8) vs. 2.027(7) A
for Pd-N1), in agreement with the higher trans influence of
the alkyl ligand compared to the amide donor. The PYA ring is
essentially orthogonal to the Pd coordination plane, with a di-
hedral angle of 86.1(3)°, thus minimizing steric clashes
between the pyridinium ortho-CH; groups and the adjacent
carbonyl group. The exocyclic C13-N2 bond length is 1.353(1)
A, much shorter than typical C-N single bonds (1.48 A) and
also shorter than in the protonated ligand (1.401(4) A), yet
longer than in the free deprotonated pyridyl-PYA ligand (1.333

Fig. 3 ORTEP drawing (50% probability ellipsoids) of the cationic
species trans-MC5°MA. Hydrogen atoms and the BArF anion have been
omitted for the sake of clarity. Selected bond distances (A) and angles
(°): Pd1-C2 1.998(9), Pd1-N1 2.027(7), Pd1-N2 2.121(8), Pd1-0O1 2.032
(7), C1-C2 1.511(1), C2-C3 1.608(1), C3-C4 1.490(2), C4-01 1.259(1),
C4-N4 1.305(1), C5-N4 1.505(2), C6—-N4 1.416(2), C12-02 1.200(1),
C12-N2 1.335(1), C13—-N2 1.353(1), C13-N3 1.362(1), C19-N3 1541(2),
C2-Pd1-01 83.5(4), N1-Pd1-N2 79.7(3), C1-C2-C3 106.5(9), C1-C2-
Pdl 105.4(7), C4-N4-C5 119.8(1), C4-N4-C6 121.0(1), C5-N4-Cé6
119.0(1), INPYA]-..[Pd1] 86.1(3), INPMA]...[Pd1] 8.9(5).

This journal is © The Royal Society of Chemistry 2025
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(1) A).>**° While the orthogonal arrangement of the Pd-amide
and the pyridinium ring planes should, in principle, exclude
the presence of an exocyclic N—C double bond, the short dis-
tance suggests considerable attractive forces.>**° The nitrogen
atom of the inserted DMA, N4, shows pronounced sp” hybrid-
ization with C-N-C angles of about 120°, while the C1-C2-Pd1
angle of 105.4(7)° is in agreement with the sp® hybridization of
C2.

Saturation of a CD,Cl, solution containing a mixture of
MC5°M* and MC6”™* with ethylene at room temperature did
not induce any insertion or other reaction, indicating
that under these conditions, ethylene is unable to cleave the
metallacycle (Fig. S20t1). In contrast, the saturation of this
solution with CO for 5 min led to an immediate color change
of the solution from yellow to pink, without any observable
formation of solid Pd(0). In the "H NMR spectrum recorded
5 min after the exposure to CO, signals of very low intensity for
MC6”™* and MC5”™* were still observed together with two
sets of new resonances (Fig. S211). The new species
showed cross peaks in the 'H, *C HMBC spectrum between
two signals in the carbonyl region at 219.9 ppm (major
species) and 218.4 ppm (minor), and two pairs of fCH; doub-
lets, pairwise almost equally intense: those of the major
species are well-resolved at 0.79 and 0.92 ppm, whereas those
of the minor one are partially overlapped at ca. 1.11 ppm
(Fig. S25%). These findings clearly identify the new species as
the cis- and trans-isomers of the Pd-acyl complex, OC®°PMA
(Scheme 6),>” resulting from the opening of the isomeric
MC5°™* metallacycles by CO coordination, followed by its
insertion into the Pd-alkyl bond. It is reasonable to expect that
another molecule of carbon monoxide is coordinated at the
fourth coordination site of palladium, leading to the Pd-acyl-
carbonyl derivative.

Both cis- and trans-O isomers exist as a pair of
almost equally abundant diastereomers. The most intense
BCH; doublets at 0.79 and 0.92 ppm were assigned to the two
diastereomers of the most abundant cis isomer (cis: trans =
72:28). The presence of the diastereomers is also confirmed
by the four singlets for the inserted DMA N(CHj;), groups
(between 2.97 and 3.22 ppm). In 'H, 'H-NOESY spectrum, the
four BCH; doublets are pairwise connected by exchange cross
peaks (Fig. S267), indicating that the cis and trans isomers are
in equilibrium at a slow rate on the NMR time scale at room

CODMA
C

CH b + NaBArF \)L

+CHCHy, — I e
C| H, +CO - NaCl /
1a CD,Cly, rit.

CIS—MCSDMA

3%

Scheme 6
pounds present in solution 5 min after bubbling of CO are indicated.
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temperature. An analogous behavior was observed by us for
Pd-methyl complexes with pyridine-imidazoline ligands, with
the exchange process taking place through the cleavage of one
N-arm of the chelating nitrogen donor ligand.*”

Finally, OC°°"™* is inert towards free ethylene and no
signals derived from the insertion reaction were observed even
after several hours.

3. Conclusion

The neutral Pd(u) complex containing the PYA ligand L10, [Pd
(CH;)CI(L10)] (1a), and its monocationic derivative, [Pd(CHs)
(NCCH;)(L10)|[BArF] (1b) - as a mixture of cis and trans
isomers - were used to investigate by NMR spectroscopy their
reactivity with methyl acrylate (MA) and N,N-dimethyl-
acrylamide (DMA) as polar vinyl monomers of industrial
interest.

The simultaneous addition of one equiv. of MA and
NaBArF to a CD,CI, solution of 1a led to its immediate conver-
sion into a mixture of 4-, 5- and 6-membered metallacycles
(MC4™*, MC5™* and MC6M*, respectively) originating from
the migratory insertion reaction of the polar monomer into
the Pd-CH; bond, followed by chain walking. When DMA was
used instead of MA, the 5-membered palladacycle MC5”™* was
preferentially formed, with only traces of MC6”™*
MC4”™* was not detected.

The reaction of the cationic complex 1b with MA required a
10-fold longer time for its complete conversion and afforded
predominately a 4-membered palladacycle, MC4™*, and its
corresponding open-chain species, OC™*, whereas MC5™* and
MC6M* were present as minor species only. Similar results
were obtained when progressive equivalents of acetonitrile
were added to the solution of the neutral complex 1a contain-
ing also 1 equiv. each of NaBArF and MA. Consistent with
these results, the reaction of 1b with DMA was even slower, its
signals being still observed up to 5 h together with the reso-
nances of the 5-membered metallacycle, MC5°MA whereas
MC6°™” was present in traces. The final product distribution
at equilibrium was independent of the nature of the starting
compound, 1a or 1b.

For each MA metallacycle, only the cis isomer was detected,
whereas MC5”™* formed as a mixture of cis and trans isomers.

, whereas

OC
N/
o !

OCCODMA

Wb
:

McePMA

2% 20 % 75 %

In situ NMR-monitored reaction of 1a with NaBArF, DMA, ethylene and carbon monoxide. The relative amounts, in mol %, of the com-
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In addition, it was possible to detect that both MC5™* and the
two geometrical isomers of MC5°™* form as a pair of
diastereomers.

For both polar vinyl monomers, the migratory insertion
reaction into the Pd-CH; bond and the chain walking process
are faster on the neutral compound than on the cationic
complex, indicating that acetonitrile competes with the polar
monomer for the coordination to palladium, playing a role in
determining the microstructure of the produced macro-
molecules. Since most of the precatalysts investigated so far in
the copolymerization of ethylene with MA are neutral Pd(u)
complexes of the general formula [Pd(N-N)(CH;)Cl] activated
in situ upon the addition of NaBArF, it cannot be ruled out
that copolymers with a different microstructure might be
obtained by simply moving from the neutral to the cationic
Pd-acetonitrile precatalysts. Our work indicates that aceto-
nitrile coordination prevents f-hydrogen elimination from the
growing polymer chain, which is required for the chain
walking, thus hampering branching and favoring the for-
mation of linear macromolecules.

Finally, in contrast with ester-derived metallacycles, the
DMA-derived 5-membered metallacycle MC5”™* did not react
with ethylene under mild reaction conditions. This behavior is
consistent with the findings about the different donor pro-
perties of the amide and the ester oxygen atoms and allows us
to rationalize the different catalytic behavior of [Pd—(N-N)]
complexes in the copolymerization of ethylene with either
acrylic esters or amides.

Nevertheless, MC5”™* was cleaved by carbon monoxide,
thus giving rise to the possibility of using these complexes as
catalysts for DMA/CO copolymerization.

4. Experimental
General information

All complex manipulations were performed using standard
Schlenk techniques under argon. Anhydrous dichloromethane
was freshly obtained by distillation over CaH, under an argon
atmosphere. The neutral pyridyl-PYA L10 and the cationic pal-
ladium complex [Pd(CH;)(NCCH;)(L10)][PFs] (1c) were pre-
pared according to a literature procedure.**> Deuterated sol-
vents (Cambridge Isotope Laboratories, Inc. (CIL)) were stored
as recommended by sellers. Ethylene (purity >99.9%) supplied
by SIAD and methyl acrylate (99.9%, with 0.02% of hydro-
quinone monomethyl ether) and N,N-dimethylacrylamide
(99%, with 500 ppm of hydroquinone monomethyl ether) sup-
plied by Merck were used as received. One- and two-dimen-
sional NMR spectra were recorded on a Varian 500 spectro-
meter (500 MHz for 'H, 125.68 MHz for *C). The resonances
are reported in ppm (5) and referenced to the residual solvent
peak versus Si(CHj),: CD,Cl, at & 5.32 (*H) and & 54.00 (**C).
F NMR spectra were recorded on a Varian 400 spectrometer
at 376.3 MHz and referenced with respect to CCI;F. ''B NMR
spectra were recorded on a Bruker 400 MHz spectrometer at
128 MHz and referenced with respect to BF;-OEt,.
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NMR experiments were performed employing the automatic
software parameters. In the case of NOESY experiments, a

mixing time of 500 ms was used.

Synthesis and NMR characterization of the neutral complex 1a

O QX
o (O
\ AN /N%} \ N /N%}
Pd\ d 7 d\ i’
cl” “CH, HeC Cl

cis-1a trans-1a

The neutral PYA ligand L10 (182 mg, 0.80 mmol) and [Pd(cod)
(CH3)Cl] (212 mg, 0.8 mmol) were dissolved in dry CH,Cl,
(5 mL). The resulting yellow mixture was stirred for 2 h at
23 °C and then concentrated to 2 mL. Upon addition of Et,O
(6 mL), a precipitate formed, which was filtered and washed
with additional Et,O. The precipitation from CH,Cl, and Et,O
was repeated until no palladium precursor was detected
anymore. Then the precipitate was dried under vacuum to
afford 1a as a bright yellow solid consisting of a mixture of cis
and trans isomers in a 4:1 ratio (285 mg, 92%). The isomers
were unambiguously identified by "H NOE NMR spectroscopy.
Spectroscopic data for cis-la: '"H NMR (500 MHz, CD,Cl,,
298 K) & = 8.98 (d, *Jun = 4.8 Hz, 1H, H®), 8.22-8.11 (m, 2H,
Hpya), 8.06-7.93 (m, 2H, Hyy,), 7.63-7.51 (m, 1H, Hpy,), 7.43
(dd, *Jun = 7.2, 6.7 Hz, 1H, Hpy,), 4.25 (s, 3H, NCH3), 2.50 (s,
3H, PYA-CH;), —0.24 (s, 3H, Pd-CH;) ppm."’C{'H} NMR
(75 MHz, CD,Cl,, 298 K) § = 169.93 (CO), 160.45 (Cpya), 150.96
(Cpyr), 147.76 (CHypyy), 145.62 (CHpya), 140.49 (CHpy,), 138.64
(CHpyy), 138.04 (Cpya-Me), 127.80 (CHpy), 124.68 (CHpy),
121.67 (CHpya), 44.63 (NCH;), 18.35 (PYA-CH;), —11.40 (Pd-
CH;) ppm. Spectroscopic data for trans-1a: "H NMR (500 MHz,
CD,Cl,, 298 K) & = 8.49 (d, *Juu = 4.8 Hz, 1H, H®), 8.22-8.11
(m, 1H, Hyy,), 8.06-7.93 (m, 3H, Hpyr + 2 Hpy,) 7.63-7.51 (m,
1H, Hpy,), 7.26 (dd, > = 7.2, 6.7 Hz, 1H, Hpya), 4.27 (s, 3H,
NCH3), 2.46 (s, 3H, PYA-CHj,), 0.81 (s, 3H, Pd-CH;) ppm. **C
{'"H} NMR (75 MHz, CD,Cl,, 298 K) 6 = 160.52 (Cpya), 147.17
(CHyyy), 144.17 (CHpya), 139.72 (CHpya), 138.62 (CHypy,), 136.52
(Cpya—Me) 127.55 (CHypyy), 126.40 (CHpyy), 119.93 (CHpya), 45.00
(NCHs), 18.65 (PYA-CH3;), —1.32 (Pd-CHj3) ppm. The remaining
quaternary carbons were not resolved. HR-MS (m/z): found:
389.0614; calculated for C;¢H;oN4OPd [M — Cl + MeCN]' =
389.0594. Elemental analysis calculated for C;,H;,CIN;OPd x
0.2CH,Cl, (%): C 42.52; H 4.12; N 10.47 found: C 42.58; H
4.10; N 10.53.

Synthesis and NMR characterization of the cationic

complex 1b
@_/(o AR — 0 A
O (O
o= =
L N NN
HsCCN™ “CHj HsC™ “NCCH,
cis-1b trans-1b

To a stirred solution of 1a in dry CH,Cl, (0.1 mmol in 5 mL),
at room temperature, a solution of CH;CN (1 mL) and NaBArF
(1.15 eq.) was added. The reaction mixture was stirred in the
dark for 1 h. Afterward, it was filtered on Celite and concen-

This journal is © The Royal Society of Chemistry 2025
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trated to a few milliliters of volume and upon addition of cold
Et,O and n-hexane, a white solid precipitate formed, which
was filtered and dried under vacuum for 12 h at 277 K to
afford complex 1b as an off-white solid (99 mg, yield = 78%).
NMR analysis revealed the presence of two isomers in a 19:1
cis to trans ratio. The isomers were unambiguously identified
by 'H NOE NMR spectroscopy.

Spectroscopic data for cis-1b: "H NMR (500 MHz, CD,Cl,,
298 K) &6 = 8.36 (m, 1H, H®), 8.23-8.18 (m, 2H, 2 Hpy,),
8.15-8.11 (m, 1H, Hpy,), 8.09 (td, 1H, H?), 7.73-7.70 (m, 8H,
Hortho Barr); 7-66 (dt, 1H, H®), 7.56 (s, 4H, Hpara arr), 7.55-7.51
(m, 1H, H"), 4.16 (s, 3H, NCH3), 2.46 (s, 3H, PYA-CHj3), 2.40 (s,
3H, NCCH;), —-0.06 (s, 3H, Pd-CH;) ppm. “C{'H} NMR
(101 MHz, CD,Cl,, 298 K) § = 170.29 (CO), 162.17 (q, Jo.p =
49.7 Hz, Cipso Barr)y 158.96 (Cpya), 150.28 (Cpyr), 147.56 (Cyo),
146.78 (CHpyy), 141.18 (CHypy,), 140.27 (C,), 138.46 (Cpya—Me),
135.22 (Cortho Barr)y 129.27 (q, YJer = 31.4 Hz, C-CF;), 128.73
(Cp), 126.37 (CHyyy), 124.83 (q, Jor = 272.4 Hz, CF;), 123.01
(CHpy), 120.95 (PA-NCCH3), 117.89 (Cpara Barr), 44.70 (NCHs),
18.32 (PYA-CHj), 3.84 (CH;CN), —6.46 (Pd-CH;) ppm. “°F{'H}
NMR (376 MHz, CD,Cl,, 298 K) § = —62.89 ppm. "'B{'"H} NMR
(128 MHz, CD,Cl,) § = —6.60 ppm. Spectroscopic data for
trans-1b: "H NMR (500 MHz, CD,Cl,, 298 K) 6 = 8.42-7.44 (m,
7H, Hpyr, Hpya)y 7.73-7.70 (m, 8H, Hornho sar), 7.56 (s, 4H,
Hpara Barr), 4.21 (s, 3H, NCH;), 2.56 (s, 3H, PYA-CHj), 2.36 (s,
3H, Pd-NCCHj,), 1.02 (s, 3H, Pd-CH;). Aromatic 'H signals
were not resolved. >C data were not resolved due to low inten-
sity. HR-MS (m/z): found: 389.0596; calculated for
C16H1oN4OPd [M — BArF,,]" = 389.0594. Elemental analysis
calculated for CygH3;BF,;4,N,OPd (%): C 46.01; H 2.49; N 4.47
found: C 45.46; H 2.31; N 4.01.

General procedure for the in situ NMR reactivity of 1a with
polar vinyl monomers

A 10 mM or 20 mM CD,Cl, solution of 1a was prepared and its
NMR spectrum was recorded. Then to this pale-yellow solu-
tion, a solution of 1 equiv. of NaBArF and 2 equiv. of the polar
monomer (MA or DMA) was added. The precipitation of NaCl
was immediately observed. The reaction was followed over
time, at room temperature, by NMR spectroscopy.

General procedure for the in situ NMR reactivity of 1b with
polar vinyl monomers

To 10 mM or 20 mM CD,Cl, solution of 1b, 2 equiv. of the
polar vinyl monomer (MA or DMA) was added. The reaction
was followed over time, at room temperature, by NMR
spectroscopy.

General procedure for the in situ NMR reactivity of 1a with
NaBArF, DMA and gaseous monomers

2 h after the addition of NaBArF (1 equiv.) and DMA (2 equiv.)
to a 20 mM CD,Cl, solution of 1a, the solution was saturated
with ethylene and NMR spectra were recorded, at room temp-
erature, for 1 h. Afterward, the solution was saturated with
carbon monoxide. Its color changed from pale yellow to pale

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

pink. The reaction was followed over time, at room tempera-
ture, by NMR spectroscopy.
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