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Abstract.

One of the great challenges of polymer chemistry is the introduction of polar moieties into
polyolefin chains in order to obtain functionalised polyolefins that should show improved
physical and chemical properties with respect to the polyolefins themselves. The most
straightforward approach to reach this goal is represented by the direct, controlled
homogeneously catalysed copolymerization of terminal alkenes with polar monomers.
Indeed, in homogeneous catalysis thanks to the tuning of the electronic and steric properties
of the ancillary ligands it is possible to tailor the chemical environment around the metal
centre, and, in turn, it should be possible to exert a highly efficient control on the selectivity of
the reaction, that in the field of polymerization reactions means to control the features of the
final polymeric material.

This PhD thesis is aimed to demonstrate the validity of this general principle with particular
attention towards two copolymerisation reactions: the COl/vinyl arene and the
ethylene/methyl acrylate copolymerisation. Both reactions share the coordination compounds
applied as precatalysts, that are based on palladium(ll) complexes with nitrogen-donor
chelating ligands. The research work carried out in the framework of this thesis encompasses
the typical steps of a project in homogeneous catalysis, that are: i. Synthesis and
characterisation of the molecules used as ancillary ligands; ii. Synthesis and characterisation
of the corresponding palladium complexes; iii. Study of the catalytic behaviour of the
synthesised complexes in the two copolymerisation reactions, including the characterization
of the catalytic products; iv. Mechanistic investigations performed through NMR studies of the
reactivity of the precatalysts with the comonomers. It should be mentioned that the group of
Dr. Milani has a longstanding experience in the CO/vinyl arene copolymerization, whereas
this project represents the first work on ethylene/polar vinyl monomer copolymerisation and
thus it has been necessary to set up and define the protocols of the catalytic experiments.

Chapter 1 consists of a general introduction on both the fundamentals of catalysed
polymerisation and the specific features of the two copolymerisation reactions, that are the
topic of this thesis. An overview of the most relevant catalytic systems reported in the
literature is given together with a critical discussion of the most prominent results achieved
and highlighting the points where improvements are required.

Chapter 2 is focused on the development of catalysts for the COlvinyl arene
copolymerisation. Terdentate nitrogen-donor ligands, belonging to the family of 2-( 2 N;j
oxazolinyl)-1,10-phenanthrolines, have been studied. When reacted with the palladium
precursor they lead to dinuclear complexes, as demonstrated by their characterization both

in solid state and in solution. In particular, PFG {*H i '°N} HMBC NMR experiments
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performed at the natural abundance of N have been of fundamental importance to
substantiate the dimeric nature of these complexes in solution. When applied to the target
copolymerisation they vyield the corresponding CO/styrene oligoketones as major product
with productivity values higher than those reported for the literature catalytic systems. In
addition, traces of the corresponding polyketones are also obtained. The study of the
stereochemistry of these copolymers evidences that fully syndiotactic polyketones have been
produced for the first time. The characterization of the terminal groups of the oligoketones
allowed to recognise that the control of the stereochemistry of the styrene insertion reaction
is highly efficient since the insertion of the first two molecules of the vinyl arene comonomer.
Chapter 3 represents a junction point between the two studied copolymerisations; indeed,
it deals with the applicaton of the same precatalysts to both of them to point out their
analogies and differences. For this purpose, Ar,-BIAN and Ar,-DAB ligands (Ar = 1-naphthyl
or 2-naphthyl ring) have been synthesised and used to obtain the relevant palladium(ll)
complexes. A clear different coordinating behaviour is observed for the ligands depending on
the naphthyl fragments, 1-naphthyl or 2-naphthyl, and regardless to the ligand skeleton,
BIAN and DAB. In particular, complexes with the 1-naphthyl substituted ligands lead to syn
and anti isomers in solution that interconvert each other at low rate on the NMR time scale.
Both isomers are also found in the unit cell of [Pd(CH3)CI(1-naphtBIAN)] in solid state, thus
confirming what found in solution. When applied to the CO/styrene copolymerisation all the
complexes generate active catalysts for the reaction, reaching a value of productivity of
almost 5.0 (kg CP) (g Pd)" in the case of the 1-naphtBIAN-containing catalyst. The
stereochemistry of the produced polyketones is also affected by the naphthyl substituents:
atactic copolymers are obtained with catalysts having the 2-naphthyl-ligands, while
copolymers with isotactic/atactic stereoblocks are the products of the catalysis with the 1-
naphthyl-derivatives. The latter stereochemistry has been related to the syn/anti isomers
present in solution and to their interconversion. When the complexes are applied to the
ethylene/methyl acrylate copolymerisation, again active species are obtained reaching a
productivity of 201 (g P) (g Pd)™ in the case of the 1-naphtDAB-containing catalyst. The
analysis of the overall catalytic results points out analogies and differences of the two
copolymersations:
e For the CO/styrene copolymerisation, ligands with the BIAN skeleton lead to catalysts
remarkably more stable and more productive than those with the DAB skeleton;
e For the ethylene/methyl acrylate copolymerisation, catalysts with DAB ligands are more
stable and more productive than those with BIANS;
e For both copolymerisations, catalysts with 2-naphythyl substituents, regardless to the

skeleton of the ligand, show a catalytic behaviour similar to that of catalysts with meta-



subst i t-dimieed: thely show similar productivites in the CO/styrene
copolymerisation and are inactive in ethylene/methyl acrylate copolymerisation;

e For both copolymerisations, catalysts with 1-naphythyl substituents, regardless to the
skeleton of the ligand, show a catalytic behaviour similar to that of catalysts with ortho-
s ub st i dimines:dn thé CO/styrene copolymerisation show low productivity, while
are catalytically active in the ethylene/methyl acrylate copolymerisation.

Chapters 4 and 5 are focused on the development of catalysts for the ethylene/methyl
acrylate copolymerisation, that nowadays represents a highly challenging reaction in the
fields of both polymer chemistry and homogeneous catalysis. In Chapter 4 the research has
been addressed to the synt hesiB AN befrringaelecranw non
donating ortho-substituents on one aryl ring and electron-withdrawing meta-substituents on
the second aryl ring, with the aim of unbalancing the two nitrogen atoms from both the
electronic and steric point of view. Its coordination chemistry to palladium is studied and for
the first time the series of the monocationic complexes [Pd(CH3) ( L ) (-BVAN)][RF:] Ghas
been extended to the dimethyl sulfoxide derivatives. Despite the soft nature of palladium, the
coordination of dmso through the sulphur or oxygen atoms is related to the Ar-BIAN bonded
to the metal, and in the cas eBlANfthree B@mermra@en sy mme
present in solution, as demonstrated by detailed NMR investigation. The catalytic behaviour
of t he monocationi c -BAN mip | tkex ethyeneintethyl Aacryladier Nj
copolymerisation has been compared to that of the complexes with the related symmetrically
substituted Ar,BIAN probing evi dence t hat t hB2AN ésanbra predactive wi t h
and leads to ethylene/MA cooligomers with a higher content of polar monomer inserted than
the catalysts with the symmetric ligands. In addition, it has been shown that the catalyst
originated from the dmso derivative has a longer lifetime than that obtained from the
acetonitrile counterpart. Kinetic investigations about the reactivity of the precatalysts with the
polar monomer have been performed by NMR spectroscopy to gain information on both the
relevant intermediates of the catalytic cycle and the differences in the rate constants. The
promising results obtained with cBlANplompsed ss havi
to study the symmetrically substituted Ar,BIANs featuring one group on the ortho position
and one on the meta position of both aryl rings. This is the topic of Chapter 5. Ar,BIAN
ligands already known from the literature as well as new molecules have been investigated.
The study of their coordination chemistry to palladium points out that syn and anti isomers,
depending on the relative position of the substituents on the aryl rings with respect to the
square planar plane, are present in solution. The existence of these isomers has been also
observed in solid state by X-ray analysis of single crystals of one exponent of this series of
complexes. The monocationic palladium derivatives of all the ligands generated active

catalysts for the ethylene/MA copolymerisation, but showing modest productivities. The low
Xi



rate in the catalytic reaction makes them suitable candidates for detailed mechanistic
investigations performed by NMR spectroscopy, that allows to correlate the rate of the
migratory insertion of the polar monomer into the Pd-alkyl bond to the both electronic and
steric effects of the substituents on the aryl rings. In addition, a relationship between the
stability of the resting state of the catalytic cycle and the nature of the Ar,BIAN has been
established. The synthetic methodology ap-plied
BIANSs is not so trivial and Chapter 6 deals with the enlargement of this ligand library to a
new component having one aryl ring substituted in meta position by the CF; group and the
other aryl substituted in position 2 by the CH; and in 6 by the OCH;. Other new symmetric
Ar,BIANs substituted on positions 2 and 6 with different groups have been also synthesised.
The study of their coordination chemistry to palladium evidences again the presence of syn
and anti isomers in solution. In addition, as a follow up of Chapter 4 these new ligands have
been used to synthesise the corresponding monocationic complexes with dmso as labile
ligand, the study of its coordination chemistry leading to interesting findings. Finally, the
mechanistic NMR investigations have been extended to the Pd-dmso derivatives to unravel
the nature of their better performing catalytic behaviour with respect to the acetonitrile
derivatives. The future perspective of this chapter consists in the study of the catalytic
behaviour of these new complexes in ethylene/methyl acrylate copolymerisation.

In conclusion, the research work carried out in this PhD project has added important
pi eces -timinetchemistyy and has remarkably contributed to the development of the
relationship between ancillary ligand properties and catalyst performances. The explorative
research in the field of ethylene/methyl acrylate copolymerisation has been successfully

accomplished achieving better results than the state-of-the-art.
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CHAPTER 1

General introduction

"Macromolecular chemistry is a relatively young science."™ With these words Natta began
his speech at Stockholm where he and Ziegler had been awarded the Nobel prize for their
discoveries in the field of the chemistry and technology of high polymers.? Polymer
chemistry was young indeed back then, having made the first steps more by chance than by
understanding.

Polyethylene itself, one of the first plastics to be discovered, was serendipitously produced in
1898 by Hans von Pechmann while he was observing the self-decomposition of
diazomethane in ether. However, a practical industrial synthesis for it was not discovered
until 1933 by Reginald Gibson and Eric Fawcett i again by accident i at the Imperial
Chemical Industries (ICI) Wallerscote plant near Northwich (UK). It took five years for ICI to
consistently reproduce that chemistry, but then it proved to be a timely breakthrough, since
polyethylene was used as an insulating material for radar cables during World War I, giving
Britain an advantage against the German submarines.® By then, the world had understood
the importance and the conceptual beauty of polyolefins, and of all polymers in general: their
possibility to start from humble, low-cost raw materials to build highly desirable materials.
However, the process at that time still required high temperatures and pressures, since the
first synthesis was based on free radical polymerisation.

It was in 1953 that Karl Ziegler discovered that titanium chloride in the presence of
alkylaluminum compounds was an efficient catalyst for polymerisation of ethylene at slightly
high temperature and atmospheric pressure. In 1954 the same catalyst allowed Giulio Natta
to prepare stereoregular polypropene from propene, introducing the principle of
stereocontrolled polymerisation.

Nowadays, thanks to Zieglerbs and Nattabs di

scove

around the world and are a constant presence i

plastics of our time.!" Today, exactly fifty years after the Nobel Prize to Ziegler and Natta, the
scientific community is wondering if something new is still possible in the field.®™ Although
the answers are not always homogeneous, some recurrent ideas can be highlighted.
According to these, the world of macromolecules has still plenty of space for the Chance to
play an important role® and polymer science has just begun to understand polymers,® but
big steps have been made and real possibilities of developing not only a know-how but also

a know-why are getting bigger every day. After all, if Nature is the model polymer chemists



should aspire to, then polymer chemistry has still room to grow up, as polymers are far from
exhibiting the same degree of sequence/stereochemical control of their biological
counterparts.””! Moreover, the fact that there are 100 cheap and different monomer available
compared to the approximate 25 amino and nucleo acids is thought to be a clear indication of
possible and intriguing improvement in this field.® It should not be forgotten that, in fact,
although breakthroughs were not so common, advances in polymer chemistry never ended.
It is exciting to realise that, looking back at the last years, so many new copolymers,
microstructures, and applications have been achieved, that were unthinkable 35 years ago:
long-chained polyolefins, elastomeric polypropenes, block copolymers by chain-shuttling,
living olefin polymerisation, emulsion polymerisation of olefins, polyolefins nanocomposites,
é  And new challenges are still awaiting, such as tailored 3D polymer structure, data
memory and recognition by a copolymer with defined sequences of three or more monomers
(code system), nanomachines on a polymer basis, and so on."!

One of the challenges of polymer chemistry is the introduction of polar moieties into the
polyolefin chains. In fact, polyolefins suffer from poor surface properties, like adhesion,
printability, dyeability and compatibility with other materials. The introduction of polar moieties
into polyolefin chains is beneficial to the macromolecular properties, not only improving the
surface properties of the final material but also expanding the range of applications.®
Currently, commercial processes for functionalised polyolefins production are based on
radical polymerisation and post-polymerisation functionalisation, two technologies that suffer
from high energy consumption, low cost-efficiency and poor control over the polymer
microstructure, thus limiting the variety of available materials and holding back the synthesis
of polymers with novel architectures and properties.®® On the other hand, homogeneously
catalysed copolymerisation represents a powerful tool for the precision synthesis of new
polymer architectures.!”” The enormous impact of homogeneous catalysis in the field of
polymer synthesis is related to the feature that thanks to tailoring the ligands present in the
metal coordination sphere is possible to tune the electronic and steric properties of the
catalyst with the aim to control the main features of the synthesised macromolecules.” In
particular, by a proper choice of the ancillary ligands it should be possible to control the
macromolecule features, and notably the molecular weight, the molecular weight distribution,
the insertion and distribution of comonomers, the stereochemistry and architecture of the
final polymer, and the nature of the terminal groups (Figure 1.1).

In conclusion, nowadays it has been recognized that the applications of a polymeric
materials are strictly related to its physical-chemical properties, that in turn are related to its
architecture and, therefore, to the molecular structure. On this basis, it should be possible to
tailor the catalyst starting from the desired application of the macromolecules to be

synthesised.



terminal group

activityw
} cat. X

(LaM-R) v
FG FG| FG | FG FG  FG

AN
comonomer

incorporation
functional groups

molecular weight
and its distribution

Figure 1.1. Homogeneously catalysed (co)polymerisation: key factors controlled by an
adequate choice of the catalyst.

It is no wonder, then, that there is a strong request for new catalysts apt to copolymerise
polar vinyl monomers with nonpolar alkenes. In particular, this introduction will deal with the
coordination-insertion copolymerisation of alkenes with CO and of alkenes with methyl
acrylate.

Among the different catalytic polymerization reactions studied during the last few years, we
have focused our attention on the CO/alkene and on the terminal alkene/polar vinyl monomer

copolymerization reactions.

1.1 COl/alkenes copolymerisation.

COlJalkenes copolymers are interesting materials. To begin with, carbon monoxide is a cheap
and readily available substrate, and the obtained polyketones are biodegradable due to the
carbonyl functional groups."***? Besides, the presence of the ketonic function allows post-

functionalisation processes without degradation.™***

cat R 0
n =—/] + nCO ———
R *
n

Scheme 1.1. The CO/1-alkene copolymerisation reaction.

These polyketones are structurally very similar to polyethylene, but the perfectly alternated
nature of carbonyl groups through the polyolefin chain drastically changes the
macromolecules behaviour. In fact, because of the dipolar interactions between carbonyl
groups, the product has a hi gh-payketoses lmvelahighi t vy .

melting point (260 °C; whereas polyethylene melt at 140 °C) and are scantly soluble in
3



common solvents, making them a valuable material for car parts, coatings, adhesives, or as

blend with commodity polymers, enhancing™the

On the other hand, though, the high cristallinity of the material is not without drawbacks, such
as low processability and brittleness.® Shell and BP overcame these issues adding small
amount of propylene to the reaction feed and synthesising Carilon® and Ketonex®,
respectively i which therefore are ethylene/propylene/CO terpolymers.®! Currently, both
companies have discontinued the production of these two polymers in 2000/2001,"5¢ put
Asian industrial research on the subject has not stopped,™” probably due to the undeniable
advantages of metal-catalysed copolymerisation over the other approaches (e.g. lower
pressures and temperatures, the strictly alternating structure and high molecular weight). In
fact, the direct, homogeneously catalysed copolymerisation between CO and ethylene has
been widely investigated™*?%22 and represents one of the most efficient processes to
sy nt h epolyketenes®

The catalysts of choice for this copolymerisation are based on palladium complexes in
conjunction with bidentate chelating ligands. In particular, whereas P-donor derivatives are
better suited catalysts for the COf/aliphatic olefin copolymerisation, in the CO/vinyl arene
copolymerisation i on which this introduction will focus i the applied complexes are typically
based on P-N, P-OP or sp? N-N ligands, with the latter being the most productive among
them. (Figure 1.2; Table 1.1)

N

Ph

On)<ﬁo
N\.)
Ph
L3

Q\( OO PPh; Ts
\ N_aPh
e N O 077 OQ T
O =N N
Ph O Ph
Q L4
(S) (R,S)
L2

4 \
= =

LS

©)

Nw

L1

(a) (b) (c)

Figure 1.2. Examples of: (a) P-N ligands; (b) P-OP ligands; (c) N-N ligands, applied in the

COl/styrene copolymerisation.



Table 1.1. CO/styrene copolymerisation: effect of the precatalyst.

Npy/ styrene/
Run Precatalyst . [BQJ/[Pd] solvent Pco | t/h| T/°C | Prod.® M Ref.
10™ mol mL
1 [Pd(H.0)(L1)][OTf]- 110 18 CH;OH (10 mL) | 50 |200bar|40| 65 | 18.3 n.d. 23
[c]
o | [PA(CHS)(NCCH;)(L2)[BAIF] 10 ; CH,Chb(2mL) | 057 | 20bar | 24| 20 | 37 | 2300(Mn) | 24
[Pd(CH3)(NCCH3)(L3)][PFe] 12.8 40 TFE (20 mL) 10 lbar (24| 30 | 3.6 | 4600(Mw) | 25
4 | [Pd(CH3)(NCCHj3)(L4)][BArF] 12.5 - PhCI (5 mL) 1.4 latm |24 | RT | 27.2 | 76600 (Mw) | 26
[Pd(L5).][PFs]2 5.4 - TFE (20 mL) 30 40 atm | 24| 50 | 110.8 |206 000 (Mn) | 27

[a] Productivity = (g P) (g Pd)™ h™*, grams of product per gram of palladium per hour. [b] monomer: 4-tert-butylstyrene. [c] BArF = B(3,5-(CFs),-
CeHs)s.



The usual palladium complexes with N-donor ligands able to catalyse the target reaction can
be classified in three categories: monocationic  monochelated complexes
[PA(CH3)(NCCH3)(N-N)]X (X = weakly coordinating counterion), dicationic monochelated
complexes [Pd(H,0).(N-N)]X,, dicationic bischelated complexes [Pd(N-N),]X5.

All systems have been tested under different reaction conditions and reporting results with
units different from each other, thus not allowing a real comparison among them (Table 1.1).
The monocationic monochelated complexes were originally tested in non-coordinating
solvents, at atmospheric pressure, in absence of oxidisers and acid cocatalysts. In these
reaction conditions, the productivity was very low and the catalyst lifetime very short.?®

The dicationic monochelated complexes were tested in methanol at higher pressures of CO
and in presence of 1,4-benzoquinone (BQ). Nevertheless, also in these reaction conditions,
these complexes are characterised by low stability of the active species.*”!

Dicationic bischelated complexes were also tested in methanol with BQ. In these cases an
increased system stability was observed with regard to the monochelated analogues, which
is ascribable to the second ligand molecule coordinated to palladium.®”

As it can be understood from this brief insight, one of the main issues of this process is the
catalyst stability. Catalyst lifetime is strongly dependent on the relationship between the rate
of alkene insertion into the Pd-H intermediate and that of Pd-H decomposition. Mild operative
conditions (CO pressure below 50 bar and reaction temperatures below 100 °C), addition of
suitable additives such as an oxidising agent, provide the appropriate conditions for
increasing the lifetime of the catalyst. The use of 2,2,2-trifluoroethanol in place of the
methanol was found to be highly beneficial for the target reaction, remarkably improving
catalyst stability and leading to the synthesis of polymers with very high molecular weight

(Table 1.1, runs 4-5).B%

o)
GPC
a) Pd ,0—R ——————> Ppd GPC
x ~ A
1 R
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O
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Figure 1.3. CO/l-alkene copolymerisation: coordination-insertion transition state of the
copolymerisation propagation step with: a) primary or b) secondary regiochemistry. GPC =

growing polymeric chain.



Contrarily to ethylene, the use of 1-alkenes (e.g. propene, styrene) in the copolymerisation
with CO raises two issues about the control over the final product: regioselectivity, and
stereoselectivity.!”! Both aspects are determined in the propagation step of polymerisation,
during the coordination-insertion transition state.

About the regiochemistry, the olefin insertion can occur with either a primary or secondary
regiochemistry (Figure 1.3), leading to three possible enchainments: head-to-head, tail-to-
tail, and head-to-tail (Figura 1.4). The latter is the only enchainment to be the product of a
regiospecific insertion. In the case of the copolymerisation of carbon monoxide with vinyl
arenes for the catalytic systems based on N-N or P-N ligands the insertion reaction takes
place with secondary regiochemistry; while for those based on the BINAPHOS derivatives
the primary regiochemistry is observed. Only in one case a regioirregular polyketone was

synthesised.

head-to-head n head-to-tail tail-to-tail

Figure 1.4. CO/1-alkene copolymerisation: regiosequences of the final product.

The stereochemistry of the macromolecule is determined by the enantioface discrimination of

the incoming alkene comonomer. This might be either under chain-end or enantiomorphic

site control, or both®¥ The study of the polymer stereoregularity is based on investigations of

polymer microtacticity. In particular, for the CO/vinyl arene copolymerization the shortest

polymeric sequences analysed are the triads, which are made of three repetitive units

(Figura 1.5). Depending on the absolute configuration of the stereogenic centre the four

triads are labelled by a couple of symbols in order to indicate the mutual stereochemical

relationship among the three stereogenic centres:

e |l, that is like-like, when the central stereogenic centre has the same absolute
configuration with respect to the two adjacent stereogenic centres;

e uu, that is unlike-unlike, when the central stereogenic centre has the opposite absolute
configuration with respect to the two adjacent stereogenic centres;

e |u (like-unlike) and ul (unlike-like), when the central centre has the same absolute

configuration with respect to only one of the two adjacent stereogenic centres.



Figure 1.5. CO/styrene copolymerisation: the four triads.

13C NMR spectroscopy is the technique of choice to study the polymer tacticity. In particular,

in the case of CO/vinyl arene polyketones the use of 1,1,1,3,3,3-hexafluoroisopropanol

(HFIP) as a solvent, is effective in triads signals resolution (Figure 1.6). In fact, four resolved

signals can be identified in the carbonyl region of the
13C NMR spectrum, each attributed to one triad: the
Il triad signal being the most downfield shifted and it
is diagnostic of an isotactic copolymer; the uu triad
signal being the most upfield shifted and it is
diagnostic of a syndiotactic polyketone; when the
signals of all the four triads are present the
copolymer has an atactic microstructure.

The stereochemistry of these polyketones is
basically dictated by the symmetry of the ligand and,
to a minor extent, by the nature/position of the
substituent(s) with respect to the donor centres.>=°
As a general rule catalysts based on C,, symmetry
N-N chelating ligands, such as 1,10-phenanthroline
ahipgridineg ,(bpy\Nj result

polyketones with a prevailingly

(phen) in the

synthesis of

syndiotactic microstructure®”! (maximum content of

[38

uu triad up to 97%):; while catalysts containing

enantiopure C, symmetry ligands, such as

bisoxazolines, bioxazolines, aza-bisoxazolines,
diketimines, give rise to optically active, isotactic
hand, the

stereoselectivity is hardly predictable when Cs or C;

copolymers.?3341 On the other

i

o]

Il lu/ul uu
139 T8 737 oom 136
uu

- . ;
139 138 137 om 136

Figure 1.6. *C NMR spectrum
of: isotactic (above); atactic
(middle); prevailingly
sindiotactic (below) CO/styrene
copolymer. Region of Cipso.™”




ligands, such as pyridine-oxazolines or pyridine-imidazolines, are used in building up the Pd
catalyst®®4*EFji nal |y, atactic polyketones adimnebtair
ligands having an acenaphthene skeleton and meta-substituted aryl rings."**!

Polyketones with stereoblocks of different tacticity were obtained, even though with modest
activity, with palladium complexes having C,, ortho-s u b s t i tdiiminesd*®*”’Notably,
these copolymers have isotactic stereoblocks of opposite configuration, as evidenced by the
high amount of Il triads (59-80%), the not negligible amount of lu/ul triads (20-35%) and the

minimal amount of uu triads (1-6%).

1.2. Ethylene/methyl acrylate copolymerisation.

The controlled, direct, homogeneously catalysed copolymerisation of nonpolar monomer with
polar vinyl monomer represents the most promising approach to the synthesis of
functionalised polyolefins. Ethylene and methyl acrylate (MA) are the model substrates for

this reaction (Scheme 1.2).

— [ 5 f 3\
cat : {CHz ) _{-CHy iy o Q
(@ = ~ c(0)ocH HCT/\ e T
3
(CHg) (CHz),,
Nepd cH
Lz 3 o
cHy'
B 'C(O)OCH4 n
(b) . cat /f'/CHg .jCH? gy Q o
C(O)OCH; - .\ CH3] |\ CH W\Anmnmngmm{nmmnw
| Y
X
CH;
Y
C(O)OCH4

Scheme 1.2. Ethylene/MA copolymerisation: a) branched functionalised polyolefins; b) linear

functionalised polyolefins.

The corresponding copolymers should have desirable physical properties, such as improved
compatibility with other materials, higher adhesion to substrates and increased response to
stimuli.®¥ This reaction has been recognized as one of the major unsolved problems in the
field of polymer synthesis and the discovery of a coordination compound able to catalyse it is

compared to finding fithe HKbly grailo of polymer



The difficulties in finding such a catalyst, which keep it far from polymer chemist s 6 gr asp,

the following:

e The use of the early transition metal complexes, commonly employed to catalyse the
polymerisation of olefins, is hampered by the oxophilicity of the metal centre.

e The use of the late transition metal complexes was hampered by the highly effective
competition of 3-hydride elimination with polymer chain growth. In fact, nickel complexes
are used in the SHOP process for the synthesis of oligomeric materials.

In the mid-1990s, Brookhart et al. discovered that nickel and palladium complexes in

conj unct i-dimineswietehextréimely efficient catalysts for olefin polymerisation.®

Brookhartoéos system features "ar Pdlobeaingaa methgli ¢ ¢ o

fragment , di et hyl ether adémind anik ithe enondoardinatingd , a

counterion [BArF] ( Fi gur e Xdiinfine is characteriséd by a backbone i which can be
for example a 1,4-diaza-1,3-butadiene (DAB) or a bis(imino)acenaphthene (BIAN) skeleton i
and by a symmetric ortho-substitution on the aryl rings. The choice of the ligand is the key to
the high productivities of these systems: the skeleton is coplanar with the coordination plane
of the metal, whereas the aryl rings are almost perpendicular to it. The out-of-plane steric
hindrance of the ortho-substituents successfully blocks the apical positions of the metal,
retarding chain transfer and 3-hydride elimination. The best productivity value in polyethylene
synthesis achieved for the palladium cat a
catalyst (4.3 (kg P) (g Pd)?*, run 1, Table 1.2) leading to amorphous, highly branched
polyethylene.”

This discovery represented a real breakthrough in the field of polyolefin synthesis, because
for the first time polyethylene was synthesised via a late transition metal catalyst and above
all it opened the way to apply late transition metals as catalysts for ethylene/polar monomer
copolymerisation.®™ Since then, the catalysts applied to this reaction were based on
palladium(ll) complexes, indicating the important role of the latter over the other metals. This
apparent superiority has been recently rationalised by DFT calculation, assessing polar
groups tolerance and insertion barrier height, and concluding that Pd" gives the best
compromise for these two parameters over the studied 30 transition metals.?

For the ethylene/MA copolymerisation two main catalytic systems are reported in the
literature, both of them are based on palladium(ll) complexes and differ in the nature of the
ancillary ligand present in the metal coordination sphere. In one case the ligand is a neutral
U-diimine (Figure 1.7);®*%¥ in the other an anionic phosphinesulfonate derivative (P-O)
(Figure 1.8a).¥ In the last case, the choice of this peculiar ligand to chelate the palladium
centre not only differentiate the two halves of the complex sterically, but also unbalance them
electronically. The dimethyl sulfoxide as fourth ligand revealed to be a crucial choice, since it

seems to play an important role in the growing of the polymeric chain.®®
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,\\ H ///, Rl Rl
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R Pd R
/N

R=CH(CHj5), H JH HsC\—/CH3 .
L6 ‘ R|=CH3
L7 | N-N=see Figure 1.8e (a) (b) (e)

Figure 1.7.Th e Br o o Wimine datalgic sistem: a) DABH; b) DAB; c) BIAN.

R N ]* [SbFer

R
Oq? AN Rzﬁ
PR’
O\ /PArZ \Pd/
Pd_ VAN

Y o, “ CHs

Lg| R=H, L=dmso L9’ R=C(CHy)s
Ar = 2-OCH5CgH,4 R'=CH(CH,);

(a) (b)

Figure 1.8. (a) phosphinesulfonato derivative; (b) phosphinephosphonato derivatives.

(a) (b) (c)

(d)

Figure 1.9. Reported skeletons f or t he sdimind i lgahds: Ua) 1,2-
bis(phenyl)ethane;® (b) 1,2-bis(4-methylphenyl)ethane;® (c) 1,2-bis(4-

fluorophenyl)ethane;*® (d) camphor;*® (e) cyclophane derivative.®”
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Table 1.2. Ethylene/MA copolymerisation.

Run | Precat. Npa/ Solvent MA P- t/h T/°C | yield/g Prod.® [ %MA | Mn Ref.
10°® mol

1 L6 100 CH.Cl, - latm |17 25 45.3 253 - 2.5x10™ 50
(200 mL)

2 L6 100 CH,Cl,+MA 58M 2atm |185 |35 1.8 9.1 12.1 1.0x10™ 51
(200 mL)

3 L7 10 CH,Cl,+MA 4.0M 88psi |18 35 0.030 1.6 21.8 6.67 kg mol* | 57
(50 mL)

4 L8 20 toluene+MA 50M 5 bar 1 95 0.36 169.2 | 52 1.8 kg mol™* 61
(50 mL)

5 L9 10 toluene 2.5 mL 3 MPa |18 80 0 - - - 78
(2.5 mL)

ElProductivity as g P (g Pd)™ h™, grams of product per gram of palladium per hour.
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Both catalytic systems lead to real copolymers and not to a mixture of the two
homopolymers. Although the two catalytic systems are operative under quite different
reaction conditions, thus limiting a direct comparison of the catalytic results, some differences
are evid e n t : -diimimeesystém leads to amorphous and highly branched copolymers of Mn
values from 300 to 88000, with an incorporation of the polar monomer from 1.0 to a
maximum of 12.1 % and the polar monomer inserted at the end of the branches;"" the P-O
system leads to copolymer of Mn values from 3900 to 12800 with a content of polar
monomer from 3 to 17 % and the polar monomer inserted into the linear polyethylene

backbone.®

C(O)OCHs;

——/

169.2 (52%)
CN

C(O)OCHs L /_ /

——/——/ n.d. (2.8%)

1.8 (9%)
in emulsion \ / SO,

C(O)OH R 7 / 38.4 (13.9%)

p— D 9)

178.6 (9.6%)

oy’ N 5
P =
- Y CH, 4.3 (2.4%)

13.2 (3.6%) OC(O)CHj
OR —
/ / 6.3 (1.9%)
9.9 (6.9%)

Figure 1.10. Ethylene/polar monomer copolymerisation reactions catalysed by the P-O

. [61,66-73

syste I Productivities (gP (gPd)™ h™) are reported in bold; polar monomer content is

reported in brackets.

The catalytic results of the two systems have been improved over the last years. In the case
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of t h ediintine derivatives, a peculiar cyclophane-modified ligand has been employed,®”*

that yields an ethylene/MA copolymer containing 21.8 % of polar monomer (Figure 1.9a). In
the case of the P-O system a remarkable improvement in the catalytic performances was
realized moving from the in situ catalytic system to preformed complexes,™ e.g.
[Pd(CHs)(dmso)(P-0)] yields the copolymer with a content of MA up to 52 %."Y The system
is also active in water solution towards ethylene by employing the phosphinesulfonato
derivative bearing a pyridine or an aliphatic amine in place of the dmso.®@ However, in these
conditions it has not yet been tested in ethylene/MA copolymerisation.

In addition, the catalysts based on P-O reveal to be quite versatile, being able to catalyse the
copolymerisation of ethylene with a variety of other acrylates® %% and polar monomers, like

acrylonitrile,®® nitrogen-containing polar monomers,'®” vinyl acetate,®® alkyl vinyl ether,’®

"% acrylic acid," vinyl sulfonate,"? and were also applied to emulsion

vinyl fluoride,
copolymerization™ (Figure 1.10).

Contrarily, t hedirmietystenais ratmeelimited and ithas békn extended to
U-diimines with various backbone structures such as camphor, 1,2-bis(phenyl)ethene, 1,2-
bis(4-fluorophenyl)ethene, 1,2-bis(4-methylphenyl)ethane (Figure 1.9).*® The Pd-U-diimine
system also catalyses the copolymerisation of propylene with methyl acrylate,’®? 1-hexene
with methyl acrylate®® or silyl vinyl ether," and of ethylene with a wide range of acrylates.
[75-77]

Recently, a third Pd" system bearing a neutral phosphinephosphonato P-PO ligand has been
reported, which catalyses the copolymerisation of ethylene with many polar monomers but
methyl acrylate, leading to the highly linear copolymers with a random distribution of the
polar functional groups into the polymer chain (Figure 1.7b)."®  Another

phosphinephosphonato P-PO ligand was previously reported to react with ethylene and MA,
[79

separately.”” To the best of my knowledge, no attempt of direct copolymerisation was
reported.
nk nk
<“\pd/CH3LA (“\p/’“e’ - <\
N/ g N/ N, N/
0”7 "0 1 chain
\ L walking
Va
N
( >Pd\ -
N 0 STSV'?m
resting state o—
Scheme 1.3. Main reaction steps in the copolymerisa

diimine catalytic system.
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Scheme 1.4. Main reaction steps in the copolymerisation of ethylene with MA for the P-O

catalytic system.

The mechanism of this copolymerisation reaction has been investigated both for the U
diimine (Scheme 1.3) and the P-O system (Scheme 1.4). The first steps we will focus on are
common to both catalytic systems and are the coordination of the polar monomer to
palladium and the ensuing migratory insertion of MA into the Pd-alkyl bond.

While in the case of the U-diimine system the symmetry of the ligand avoids any selectivity
problem concerning the coordination of MA; in the case of the P-O system, because of the
nonsymmetric nature of the ligand, both cis and trans isomers are possible.®! Due to the
strong trans effect of the posphine, the most stable isomer is the one featuring the alkyl chain
cis to the P-donor atom, as probed by X-ray analyses.®"

The migratory insertion can undergo with a primary or secondary regiochemistry, but in both
cases the 2,1-insertion is the predominant mechanism observed.®*®! This reaction step
leads in both cases to a 4-membered metallacycle with the oxygen atom of the carbonyl
group of the inserted acrylate coordinating the fourth position on the metal.!**8"!

Now, the chelate can either be opened by an incoming monomer, leading to chain growth, or
foll ow a p e c u-lydrder elimsnation amd reinsdrtionbreactions, known as chain
walking mechanism.®Y While in the case of the P-O catalytic system the chain growth
reaction rate is higher with respect to the chain walking one, leading to a linear polymeric
product, i n -diinfine catalgtis systemfthe Chain walking pathway is preferred.
Il ndeed, it is one of the most i n tdemine-sontaining
catalysts, leading to the more stable i and more difficult to open T six-membered

palladacycle, that represents the catalyst resting state. In the P-O catalytic system the
15

feat



catalyst resting state is Pd-alkyl-ethylene intermediate. Theoretical studies suggest that the
absence of chain walking inthe P-O catal ytic system is due
hydride eliminationrel at i ve t o t hdémine eatalytiosystems.B'd U

I n t he c a sdémine tatalytih systetd, no double insertion of methyl acrylate was
observed, while in the case of the P-O catalytic system a new molecule of methyl acrylate
can insertinto the four-membered metallacycle leading to a six-membered palladacycle which
can be opened by dmso.

The overview of the reported catalytic systems highlights that the productivity values
achieved so far are too low for a potential industrial application, thus the search of an highly

efficient catalyst is still a crucial challenge.™*!
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CHAPTER 2

Unique syndio-selectivity in CO/styrene copolymerisation

reaction catalysed by palladium complexes with 2-( 2 Nj

oxazolinyl)-1,10-phenanthrolines

FoONC g
nco + n - S -

Overview. The reaction of the neutral Pd complex [Pd(CH3)Cl(cod)] with the potentially
terdentate 2-oxazolinyl-1,10-phenanthroline ligands 1-3 affords the corresponding cationic
dinuclear Pd-complexes 1a-3a which can be isolated in the solid state in good yields. By
treatment with AgPFs the complexes 1a-3a were converted into the corresponding
hexafluorophosphate derivatives 1b-3b where both the ligand units feature a terdentate
coordination around the two Pd-centres with the phenanthroline fragment of each unit
displaying a chelate coordination to one Pd-centre while the corresponding oxazolinyl
pendant acts as a bridging ligand towards the second Pd-centre. The persistence of this
dimeric structure of 1b-3b in CD,Cl, solution is confirmed by BN-NMR experiments at natural
abundance, which clearly show the binding to the metal of all the nitrogen donors as well as
the overall C, symmetry of the compound. In consequence of the different strength of the
relevant ion-pair, the dimeric structure of the complex undergoes partial fragmentation in the
case of the chloride derivatives 1a-3a as evidenced from the >N-NMR spectra. Complexes
1b-3b are active catalysts in styrene alternate carbonylation, where, under very mild
conditions (30 °C and 1 atm of CO), they provide oligomers with 3-5 repetitive units as the
exclusive or prevailing product. When traces of the CO/styrene polyketones are also formed,
their *C-NMR characterisation shows that they are stereochemically homogeneous with a
unique syndio-tacticity. This result implies that Pd-complexes able to induce a complete
enantioface discrimination in the insertion step of the alkene during the catalytic cycle of the

styrene alternate carbonylation have been produced for the first time.

Part of this work has been used in the publication:
Angel o Meduri, Daniela Cozzul a, SéafigoeGladiali &ad Amor a
Barbara Milani Dalton Trans. 2012, 41, 7474-7484.



2.1. Introduction.

In the course of previous investigations on the palladium catalysed CO/styrene
copolymerisation it was shown that in the case of phen or bpy ligands (phen = 1,10-
phenanthroline; bpy = 2,2'-bipyridine) the absence of C, symmetry in the chelating N-donors,
as determined by the presence of one single substituent onto the heterocyclic scaffold, is the
cause of some major effects on the catalyst performance. For instance, the alkyl substitution
in position 3 of phenanthroline (3-R-phen) resulted in one of the most efficient catalyst ever
reported for the production of polyketones of high molecular weight (Figure 2.1a);™? in the
case of 2,2'-bipyridine the substitution at the carbon atom adjacent to the nitrogen atom on
only one pyridine ring (6-R-bpy) shifted the selectivity of the CO/styrene copolymerisation
towards the preferential formation of oligoketones featuring no more than 5 repetitive units
(Figure 2.1b).”!

TN\
/ N R =
=N N= /CHR
H3C

(a) (b)
CH3; CH,CH3z CH(CH3),
R= (CH2)3CH31 CH(CH3)CH20H3 R= CH3’ CH20H3‘ OCH3
CH(CH3)C(CH53)5
Figure 2.1. Two classes of ligands employed in COf/styrene copolymerisation in the
literature: (a) 3-R-phen;*? (b) 6-R-bpy."

We were intrigued whether the effect of the substituted bpy was a consequence to a mere
effect of the steric congestion generated by the presence of a substituent in close proximity
to the metal centre or it could be related to the direct involvement of this encumbering
substituent in the binding to the metal. We were well aware that participation of the vicinal
substituent to metal binding can occur either through cyclometallation, as noticed in the case
of 6-sec-butyl-2 , -Bigyjidine,' or through hemilabile coordination of an oxygen donor, as in
the case of 6-( imdthoxyethyl)-2 , -Bigyjidine.®! It might be speculated which way the
presence of the vicinal substituent-H-etnimatiolmf f e ct
process leading to the termination of the growing chain and the insertion reaction of a new
incoming monomer supporting the propagation of the polymer chain.

We reasoned that for such a dilemma to be addressed it should have been of some utility an
investigation on the catalytic performances in CO/styrene copolymerisation of preformed
palladium complexes where the terdentate coordination of a suitable bpy or phen derivative
could be ensured by the presence of a strong N-donor in close proximity to the chelating
template. This prompted us to consider some 2-oxazolinyl-1,10-phenanthroline (Scheme 2.1)

derivatives that were prepared several years ago by one of us and used with some success
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in the enantioselective hydrosilylation of acetophenone by Rh catalysts and in the
cyclopropanation of styrene by Cu catalysts.”™ With the purpose of using the aforementioned

molecules as potentially terdentate ligands, we decided to study the coordination chemistry

of the related neutral and monocationic Pd" complexes, together with the investigation of

their catalytic behaviour in styrene carbonylation. Other terdentate ligands already reported

in the literature in the field of-tetpridine@mw)® | k en
2,6-bis(N-pyrazolyl)pyridine (bbp),® 2,6-bis(2-pyrimidinyl)pyridine (bppy),”? and 2-(2-( ( { 6 Nj
methyl-2-pyridyl)methylen)amino)ethyl)pyridine (MeMAP)®! (Figure 2.2). The related Pd-

methyl complexes of general formula [Pd(CH3)(N-N-N)]X (X = counterion such as ClI,

SO3CF3, [3,5-(CF3),CsHs]4B) were applied to study the stepwise insertion of carbon monoxide

and norbornadiene (NBD) into the Pd-methyl bond. All chloride complexes readily reacted

with CO giving stable products, which retained the same geometry of the starting complex;®®
the only exception being the MeMAP derivative. In the latter case, the starting chloride
complex showed a fluxional behaviour between a terdentate and a bidentate coordination
mode, and only the bidentate one is retained after CO insertion.”® All Pd-acyl-derivatives
reacted with NBD to give the expected intermediates.’® Nevertheless, no data about any

possible catalytic activity in the corresponding copolymerisation reaction was reported.

L §
CN N7 N\} IN\ N IN\ I\ SN
\_ N N, _N Nz _N

N

N/

tpy bbp bppy MeMAP X

Figure 2.2. Some terdentate molecules used in CO/alkene copolymerisation.

2.2. Results and Discussion.

2.2.1. Synthesis and Characterisation of Pd-complexes.

Ligands 1-3, N-N-N°*, are known compounds. They feature a 1,10-phenanthroline substituted

in position 2 with a modified oxazoline ring. The substituents on the oxazoline ring are: a

phenyl ring (ligand 1), a sec-butyl moiety (ligand 2), and one methyl and one phenyl moieties
(igand 3). ® These |l igands have been synthesised in t
procedure reported in the literature by condensation of the methoxy imidate obtained from 2-
cyano-1,10p henant hr ol i ne wi t h t-am@noaicohdl ofd3)-toafigueatiocant i op
(for ligands 1 and 2) or with (1S, 2R)-(+)-norephedrine (for ligand 3) (Scheme 2.1). They

have been isolated as crystalline solids and gave spectroscopic and elemental analysis data

in agreement with the expected structures.
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_ CH3ONa _ Aminoalcohol, H*
CH4OH - CH30H, - NH;,

uN? TOCH;

1 Ri=C¢Hs; Ro=H
2 Rjy=sec-Bu; Ry=H
3 R;=CHjs; Ry = CgHs

Scheme 2.1. Synthetic pathway for ligands 1-3 and their numbering scheme.

Ligands 1-3 were reacted at room temperature with [Pd(CH3)Cl(cod)] according to the well
established procedure reported in the literature, based on the substitution reaction of the
diolefin with the nitrogen-donor ligand (Scheme 2.2). #1012

The products, la-3a, isolated as yellow solids, were characterised by multinuclear NMR
spectroscopy and mass spectrometry. For sake of clarity, their characterisation will be
discussed after that of the corresponding hexafluorophosphate derivatives, 1b-3b, obtained
by treatment of la-3a with AgPF¢ in the presence of acetonitrile at room temperature, in

dichloromethane following the literature procedure. 2

2+ 20F 2+ 2PFg
A~ 1 A~ 1 6
\ CHa He, NN, N Mo, NN, N

77 1-3 o "o
2 ﬁ Pd L Pd. Pd _AgPFe Pd Pd
\ / \CI - cod Q_/NDX( \CHg -AgCl 7 \N NOX( \CH3
1a: N-N-N°* =1 1b: N-N-N%* =1
2a: N-N-N°* =2 2b: N-N-N°% =2
3a: N-N-N°* =3 3b: N-N-N* =3

Scheme 2.2. Synthetic pathway for the Pd complexes 1a-3a, 1b-3b.

Single crystals suitable for X-ray analysis of 3b were obtained upon addition of n-hexane to a
dichloromethane solution of the complex at low temperature (Figure 2.3). The X-ray structural
characterisation of 3b evidences the formation of a dinuclear Pd complex arranged around a
crystallographic two-fold axis where the metal ions exhibit a square planar coordination
geometry, being chelated by the phenanthroline ligand and coordinated by a methyl group
and the oxazoline N-donor of the symmetry related terdentate ligand. The coordination
distances are as expected, with Pd-NP"™" bond lengths differing for the trans influence of the
methyl group (Pd-N(1) = 2.164(4), Pd-N(2) = 2.032(4) A). The Pd-N°* and the Pd-CHj; are of
2.027(4) and 2.049(5) A, respectively. The coordination donor atoms show a slightly
tetrahedral distortion from their mean plane with maximum deviations up to 0.42 A. The

coordination planes form a dihedral angle of 43.8(1)° with metals separated by 3.4256(8) A.
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(@) (b)

Figure 2.3. (a) ORTEP drawing (40% probability ellipsoids) of the complex cation of 3b with
atom labelling scheme of the crystallographic independent moiety (same scheme is applied
to 3a); (b) Perspective view of the complex cation illustrating the C, symmetry and
highlighting the anion position. Selected bond lengths (A) and angles (°): Pd-N(1) 2.164(4),
Pd-N(2) 2.032(4), Pd-N(3") 2.027(4), Pd-C(23) 2.049(5), N(1)-Pd-N(2) 79.84(17), N(1)-Pd-
N(3") 99.85(16), N(2)-Pd-N(3") 173.45(16), N(1)-Pd-C(23) 172.78(19), N(2)-Pd-C(23) 93.0(2),
N(3"-Pd-C(23) 87.2(2); non-bonding Pd---Pd' interaction 3.4256(8). Primed atoms at x, -y+1,
-z+3/2.
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(@) (b)
Figure 2.4. (a) Molecular structure of 3a (chloride anions at half occupancy). (b) Crystal
packing of compound 3a viewed down axis c. Selected bond lengths () and angles (°): Pd-
N(1) 2.154(18), Pd-N(2) 2.006(16), Pd-N(3") 2.013(16), Pd-C(23) 1.942(17), N(1)-Pd-N(2)
78.5(8), N(1)-Pd-N(3") 101.8(7), N(2)-Pd-N(3") 171.7(6), N(1)-Pd-C(23) 168.9(8), N(2)-Pd-
C(23) 93.1(9), N(3")-Pd-C(23) 85.5(8); non-bonding Pd---Pd' interaction 3.039(4). Primed

atoms aty, x, -z+1/3.
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On the other hand, the two phenanthroline moieties that embrace a solvent molecule (Figure
2.3b) make an angle of 57.84(8)°. Inside the complex the centroids of the two oxazoline rings
are at 3.44 A, but no significant * -* interaction between the aromatic rings is detected in the
crystal packing. The two PF¢ anions are located on a two -fold axis and in both cases are far
apart from the metal centre.

Single crystals suitable for X-ray analysis were also obtained for complex 3a. Although the
crystal data are of lower accuracy, the X-ray structural determination confirms a dinuclear
entity (Figure 2.4). The complex, still of C, symmetry, presents slight modifications in the
conformation of the ligand. Although the coordination distances follow a trend similar to that
of 3D, it is worth of note the intermetallic separation of 3.039(4) A (shorter by ca. -0.4 A with
respect to 3b). This feature is hard to ascribe to the different anions, to packing effects, or to
the intercalation of the solvent molecule in between the phenanthrolines as observed in the
hexafluorophosphate complex, since here the phen moieties form a dihedral angle even
slightly larger (61.5(4)°). The chloride anions are disordered in the unit cell and located in

channels running parallel to axis ¢ and formed by the packing of the complexes (Figure 2.4).

() | CH,
Pd-CH,

| |

I I
He | |

HS.G 4.9 4.7 1.3 11 0.9‘ 0.7 ‘0‘5‘ ‘ ‘0'3‘ ' ‘0'1‘ ’
(a) He6
H37 Ar-H
( —
H4 | I "| HS

—— T T - —— e —— -
9.2 9.0 8.8 8.6 8.4 82 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6
S/ppm

Figure 2.5. '"H NMR spectrum of complex 3b in CD,Cl, at 298 K: a) aromatic region; b)

alifatic region; not in scale.

The coordination of the ligand as terdentate, bridging two Pd ions, is retained in solution, as
evidenced by NMR spectroscopy. Indeed, the 'H NMR spectra of CD.Cl, solution of
complexes 1b-3b, recorded at room temperature, show one set of signals at chemical shifts
different from those of the same protons in the free ligand. The number of signals and their
integration indicate the presence, in solution, of one species, only. No spectra variation is

observed with time for at least one month, suggesting the high stability of the dimeric
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structure in solution of non-coordinating solvents. The resonance of H® was recognised by an

NOE experiment performed upon irradiation of the singlet assigned to the Pd-CH; fragment.

Starting from this resonance it was possible to attribute all the signals to protons by homo-

and heteronuclear COSY experiments. As an example, the *H NMR spectrum of complex 3b

is reported with the corresponding assignment signal to proton (Figure 2.5).

Table 2.1. Relevant 'H NMR data for complexes 1a-3a, 1b-3b and free ligands 1-3.1

Compound H?® H? H* H> H* Pd-CHs
1 9.19(dd) 8.47(d) 8.39(d) 4.48(t) 5.54(dd)
5.01(dd)
la 8.97(d) 8.32(d) 8.58(m) 4.46(m) 5.57(dd) 1.26(s)
8.91(d) 9.09(d) 7.79(d) 4.73(dd) 5.92(dd) 1.17(s)
5.14(dd)
4.89(dd)
1b 8.27(m) 8.80(d) 9.06(d) 5.16(t) 5.38(t) 0.07(s)
5.61(t)
2 9.16(d) 8.32(m) 8.32(m) 4.70(t) 4.49(m)
4.17(t)
2a 8.94(t) 8.22(d) 8.56(m) 4.77(dd) 4.64(m) 1.21(s)
9.53(d) 8.64(m) 4.23(m) 4.49(m) 1.17(s)
4.64(m)
2b 8.50(d) 8.54(d) 8.97(d) 5.27(t) 4.31(m) 0.31(s)
4.69(t)
3 9.18(d) 8.41(s) 8.41(s) 5.97(d) 4.82(m)
3a 8.94(dd) 8.31(d) 8.61(m) 6.23(m) 4.90(m) 1.24(s)
8.97(d) 9.73(d) 8.61(m) 6.23(m) 4.67(m) 1.26(s)
3b 8.53(d) 8.74(m) 9.04(d) 6.60(d) 4.86(m) 0.38(s)
& Measured at 500 MHz, in CD,Cl, a t 298 K; u ppm; s = single

doublet, t = triplet, m = multiplet.
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It is worth noting that the signals of H®, H* and H® are the most affected by the coordination to
palladium (Table 2.1), being their chemical shifts remarkably different from those of the same
signals in the free ligand (CIS = 1.00 - 0.33 ppm; CIS = Coordination Induced Shift).
However, while the resonances of H* and H® are shifted in the deshielding direction, that of
H® is remarkably shifted at lower frequencies. Even the signal of the Pd-CH; moiety, which
falls in a range of chemical shift between 0.31 and 0.07 ppm, is significantly shifted at lower
frequencies with respect to the usual value observed for this group in mononuclear Pd
complexes with bidentate nitrogen-donor ligands. °***% The variations in chemical shifts for
H® and for the Pd-CH; are consistent with a palladium coordination geometry in solution
analogous to that observed in solid state, with these two groups falling in the shielding cone
of the phenanthroline moiety of the ligand bonded to the other Pd ion. The variations in
chemical shifts for H* and H® might be related to the coordination of the oxazoline ring to the
metal centre that enhances the difference between the two halves of the phenanthroline
skeleton.

To substantiate the terdentate coordination mode of the ligand PFG {*H,"*N}-HMBC NMR
experiments were performed at natural abundance of *N isotope for the free ligands and the
two series of palladium complexes. The nuclear properties of °N, i.e. its very low natural
abundance and its rather low and negative gyromagnetic ratio, render acquisition of **N data
employing the PFG {*H,”>N}-HMBC scheme the method of choice, provided a suitable "J(*°N,
'H) is present. The N chemical shifts were assigned on the basis of their cross peaks with
the signal of the closest proton to the nitrogen in the molecule, that is H® for N*°, H® for N,

and H* for N°%.
Ph
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Figure 2.6. {*H,”>N}-HMBC NMR spectrum of 1, in CD,Cl, at room temperature.
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Figure 2.7. {*H,"*N}-HMBC NMR spectrum of 2, in CD,Cl, at room temperature.

CH,4
Ho
A L L ‘ l \

L-210
F-200
F-190
H-180
t-170
F-160
L-150
Nox . F-140
F-130
F-120
F-110
F-100
F-90

F-80

L-70

N10

[-50

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05

Figure 2.8. {*H,"®°N}-HMBC NMR spectrum of 3, in CD,Cl, at room temperature.

A first series of experiments was run on ligand 1 at several input values of the scalar coupling
constant "J(**N, *H) from 2 to 12 Hz (with increments of 1 Hz from one experiment to the
other) establishing the value of 4 Hz as the most suitable for 2J(**N, *H) between N*° and H°.
In addition, with this value of coupling constant the cross peak between N*° and H®, due to
3J(*N, 'H), was evidenced as well as a very weak cross peak between the signals of N®*and

that of the phenyl protons at 7.39 ppm. No cross peak between N* and H® and between N
29



and H* was observed at any applied "J(**N, *H) values (Table 2.2 and Figures 2.6-2.8).

The "J(*N, 'H) value of 4 Hz was subsequently used for all the other experiments. For
ligands 2 and 3 the clear correlation between N* and H® was observed, together with that
between N and CH, of the sec-butyl group for 2 (Figure 2.7; Table 2.2) and N and the CHs
substituent for 3 (Figure 2.8; Table 2.2). Even for ligands 2 and 3 no correlation was
observed with the signal of the proton in position 4' of the oxazoline ring as well as no
relationship between N* and H®. Therefore, the exact chemical shift of N* for the three ligands
remains unknown, even though, on the basis of literature data, should not be much different
from that of N'°. The values of N*° range around -75 ppm and are in agreement with those
reported in the literature for the 1,10-phenanthroline and its methyl substituted derivatives,
4,7-dimethyl-1,10-phenanthroline and 3,4,7,8-tetramethyl-1,10-phenanthroline. ™ **7 The

values of N® are around -135 ppm.

Table 2.2. *®N NMR chemical shifts for complexes 1a-3a, 1b-3b and free ligands 1-3.?

Compound N* N* N

1 -73.3 n.o. -134.7

la -149.9 (-76.6), -150.5 (-77.2) -117.0,-117.6 n.o.

1b -157.9 (-84.6) -119.8 -185.4 (-50.7)

2 -74.5 n.o. -139.6

2a -149.7 (-75.2) -117.4 n.o.

2b -158.0 (-83.5) -121.0 -189.0 (-49.4)

3 -75.4 n.o. -137.6

3a -149.8 (-74.4) -116.7 -191.5 (-53.9), -131.3 (+6.3)
3b -158.0 (-82.6) -121.0 -187.0 (-49.4)

& Measured at 50.60 MHz, in CD,Cl, a't 298 K: u i n ppm; Cl

calculated as ppm of **Npongea I pPM 0Of *°Niee. N.0. = NOt Observed.

In the {*H,”>N}-HMBC NMR spectra of complexes 1b-3b clear cross peaks are present for all
the nitrogen atoms (Figures 2.9-2.11). In particular, for all the complexes the correlation
between N' and H*® becomes now evident and in the case of 1b and 2b even the cross peak
between N* and Pd-CHj; is present, allowing to assign the N* chemical shift around -121.0

ppm and confirming their mutual trans position (Table 2.2).
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Figure 2.9. {*H,”>N}-HMBC NMR spectra of 1b in CD,Cl, at 298K. The cross peaks related to

N° are not evident, they become evident by cutting the contour levels in the 2D spectrum at

lower values, thus allowing to evaluate the chemical shift of N°*.
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Figure 2.10. {*H,"*N}-HMBC NMR spectrum of 2b, in CD,Cl, at 298 K.
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Figure 2.11. {*H,”N}-HMBC NMR spectrum of 3b, in CD,Cl, at 298 K.

For N* in addition to the expected cross peak with H° the signal due to the long range
coupling with H® also appears (Figures 2.9-2.11). Finally, N®* gives a cross peak with H> for
complexes 1b and 2b, plus additional signals with the Pd-CH; fragment and with the two
methylenic protons of the sec-butyl substituent in 2b. For complex 3b only the correlation
peak between N° and the methyl group in position 4' is observed (Figure 2.11). It should be
noted that even for complexes 1b-3b, as it is for the free ligand, no signal deriving from the
relationship between N and H* is evident.

The {*H,”N}-HMBC NMR data are in agreement with the coordination of the ligand in a
terdentate fashion: the three nitrogen atoms have a chemical shift remarkably different with
respect to that of the free ligand. In particular, the CIS value is approximately of -80 ppm for
N, -50 ppm for N and, on the basis of the literature data,™ it can be estimated between -
40 and -50 ppm for N*, thus confirming that the CIS value of the N atom trans to the Pd-CHs
fragment is smaller than that of the N atom trans to another N.®

When the solids isolated from the reaction of ligands 1-3 with [Pd(CH3)Cl(cod)] are dissolved
in CD,Cl,, the related 'H NMR spectra present two series of signals for all the protons,
included two singlets for the Pd-CHj; fragment. The ratio between the two series of signals is
approximately 1 : 1 for all complexes la-3a. Most of the signals appear at frequencies
different from those of the free ligand, while one of the two peaks assigned to H* and H”
have chemical shifts very similar to those of the free ligand (Table 2.1). NOE experiments
performed upon independent irradiation of the two singlets of the Pd-CH; fragment reveals

their spatial relationship with H°. As an example, the *H NMR spectrum of complex 3a is
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reported with the corresponding assignment signal to proton (Figure 2.12).
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Figure 2.12. *H NMR spectrum of complex 3a in CD,Cl, at 298 K: a) aromatic region; b)

alifatic region; not in scale.

The observed spectral features indicate that the species in solution is neither that obtained
from dissolution of complexes 1b-3b nor just a mononuclear compound chelating the Pd ion
via the nitrogen atoms of the phenanthroline part of the ligand. Nevertheless, as discussed
above, the X-ray analysis of single crystals obtained upon addition of n-hexane to the CD,Cl,
solution analyzed by NMR of complex 3a shows in solid state a dimeric structure analogous
to that observed for complex 3b (Figures 2.3-2.4).

To gain more information about the structure in solution of complexes 1a-3a, {*H,">N}-HMBC
NMR spectra were recorded (Figures 2.13-2.15). The cross peaks for N** and N* clearly
indicate their coordination to palladium (Table 2.2), whereas for N® in the spectrum of
complex 3a two signals are evident: one at -191.5 ppm with a CIS value of -53.9 ppm and
the other at -131.3 ppm with a CIS value of +6.3 ppm (Figure 2.15; Table 2.2). This suggests
that one oxazoline ring is coordinated to the metal, while the other one is not bonded to

palladium.
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Figure 2.13. {*H,"®°N}-HMBC NMR spectrum of 1a, in CD,Cl, at 298 K.

b he Pd-CH,

-200
-190
[-180
I-170
I-160
N10 ' ] I-150
-140
F-130

N1 R F-120

F-110

T T T T T T T T T T T T T T T T T T T T -100
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 0.5

Figure 2.14. {*H,"*N}-HMBC NMR spectrum of 2a, in CD,Cl, at 298 K.
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Figure 2.15. {*H,"®°N}-HMBC NMR spectrum of 3a, in CD,Cl, at 298 K.

The different behaviour in solution for the two series of complexes, a and b, might be due to
the different counterion, that is reflected in a different strength of the related ion-pair. To
prove this hypothesis, spectra of the two series of complexes (and of the free ligands) were
recorded in dmso-dg¢ at room temperature (Figures 2.16-2.18). While the spectra of
complexes 1b-3b show only one set of signals, whose analysis confirms the dinuclear
structure observed both in solid state and in CD,Cl, solution, the spectra of complexes 1a-3a
present two sets of resonances: one corresponds to the same species obtained for
complexes 1b-3b, the other is due to the free ligand (Figures 2.16-2.18), plus a singlet at
0.94 ppm, common to the spectra of all the three complexes. The ratio between the free and
the coordinated ligand varies both with the nature of the ligand and with time. In the spectrum
recorded after 5 min from dissolution, the relative amount of free ligand is 87%, 72% and
42% for la, 2a and 3a, respectively. Following the reaction with time the intensity of the
signals of free ligand increases together with that of the singlet at 0.94 ppm, reaching an
equilibrium within 5 h. For example, the evolution of 3a, which is the lowest in decomposing,

yields 57% of free ligand in this period of time.
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Figure 2.16. 'H NMR spectra in dmso-ds at room temperature of: (a) 1b; (b) 1a; (c) 1; (*)
signal of [Pd(CH3)Cl(dmso-de),].
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Figure 2.17. 'H NMR spectra in dmso-ds at room temperature of: (a) 2b; (b) 2a; (c) 2; (*)
signal of [Pd(CH3)Cl(dmso-ds),].
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No variation with time is observed for the dmso solutions of the hexafluorophosphate
derivatives.

These results confirm that the solids isolated from the direct reaction of ligands with
[PA(CH3)Cl(cod)] are the same dinuclear species observed for the hexafluorophosphate
derivatives, but with the chloride, a coordinating anion, as counterion. Indeed, ESI-MS
spectra of both series complexes show analogous molecular peaks and fragmentation

patterns (Figure 2.19-2.21).
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The overall results indicate that the behaviour in solution of complexes

600

la-3a varies

depending on the solvent. In CD,Cl,, where the strength of the ion pair is high, chloride

coordinates to palladium leading to a partial cleavage of the bridge and to the formation of a

dinuclear species having only one molecule of N-N-N°* ligand bridging the two Pd ions and

the other chelating one Pd via the nitrogen atoms of the phenanthroline skeleton (Scheme

2.3a). In dmso-ds, where the strength of the ion pair is lower, the dinuclear structure is

retained. However, due to the coordinating nature of both solvent and anion the complete

cleavage of the complex is observed with time leading to the free ligand and to

[Pd(CH3)Cl(dmso-ds).], while no formation of palladium black is observed (Scheme 2.3b).

NQW+ cr
WCHON 2

HSC//, W
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N e,

dmso /Cl

[dmso-ds_ " Npg” saNNN ()

dmso™'

Scheme 2.3. Behaviour in solution of complexes 1a-3a.
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The coordination chemistry of the present terdentate ligands is different from that reported in
literature for terpy and more flexible non-symmetric N-N-N ligands (Figure 2.2).%® When
these ligands were reacted with [Pd(CH3)Cl(cod)] different isomers were formed with the
ligand bonded to Pd both in a bidentate and terdentate fashion depending on the ligand itself,
on the counterion and on the solvent. However, it has to be pointed out that in all cases only
mononuclear species were detected. Thus, the present results support the conclusion
reported in the literature, that the minute differences in the donating properties of the three
nitrogen atoms play a subtle but decisive part in the formation of various isomers and in the

choice between bidentate and terdentate coordination.®

2.2.2 COl/styrene copolymerisation.

Complexes 1b-3b are tested as precatalysts in styrene carbonylation under reaction
conditions analogous to those reported by us for complexes containing 6-substituted-2 , -2 Nj
bipyridines,®! that is 2,2,2-trifluoroethanol (TFE) as solvent, atmospheric CO pressure, T =
303 K and [BQJ/[Pd] = 40. The reaction product consists of a yellow/brown oil that according

to the ESI-MS and *H NMR characterisation is recognised as CO/styrene oligoketones with a
number of repetitive units ranging from 3 to 5, analogous to those obtained with Pd-(6-
substituted-2 , -Bigyyidines) catalysts.

All tested complexes generate active catalysts for the carbonylation reaction leading to

different productivities depending on the ligand nature (Table 2.3).

Table 2.3. CO/styrene oligomerisation: effect of the ligand nature.
Precatalyst: [{Pd(CHz)(N-N-N°")},][PF¢], 1b-3b'®

Run | N-N- Yield/mg Prod."! Yield/mg | Prod." Prod. TON!
NOX
(omMP)) (omPh (PKM) (PK™) (OMPL+pK)
1 1 306.0 226.7 54.3 40.2 266.9 215.0
2 2 506.2 375.0 16.2 12.0 387.0 311.0
3 3 368.6 273.0 0 0 273.0 219.7

[l Reaction conditions: npg = 1.27 x 10”° mol, styrene V=10 mL, TFE V = 20 mL, P¢o =1 bar,
T =303 K, t = 24 h, [BQ]/[Pd] = 40, [styrene]/[Pd] = 6800. ! OM = oligoketone. ! Productivity
as (g P) (g Pd)* = grams of product (OK, PK or OK+PK) per gram of palladium. ¥ PK =
polyketone. I TON = nry/Npg (nru = Mol of repetitive units inserted calculated by dividing the

total mass of the product (OK+PK) by the molar mass of the repetitive unit).
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It is worth noting that whereas for all catalysts the major product of the catalytic reaction is
the CO/styrene oligoketone, in the case of complexes with ligands 1 and 2 traces of the
corresponding polyketone are also obtained. This represents a remarkable difference with
respect to the catalytic system based on 1,10-phenanthroline or on its alkyl substituted
derivatives that yielded the syndiotactic copolymer with productivities in the order of 4 (kg
PK) (g Pd)™* with Mw values up to 336000 (Mw/Mn = 3.3) and with a content of uu triad up to
96%."" In general, the obtained productivity values are higher than those reported for the
catalysts with the 6-substituted-2 , -Bigyfidines, the only system reported up to now for the
synthesis of CO/styrene oligoketones.”¥ The most productive species is that with ligand 2
having the sec-but vy | group in position 4Nj and n
complexes with the other two ligands show similar productivities. This trend of productivity is
related to the nature of the substituents on the oxazoline ring and, in agreement with the data
reported in the literature for palladium complexes with pyridine-oxazolines,™* the highest
productivity is obtained with the I|igand

presence of a group in position 5N;j even
negative effect on the catalyst performances. This last result may be indicative of the fact that
in the catalytic active species the oxazoline nitrogen donor is not involved in the coordination
at the metal centre but rather that it acts as a mere chiral substituent in the proximity of the

coordination site.
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Figure 2.22. CO/styrene oligomerisation: effect of [BQJ/[Pd].
Precatalyst: [{Pd(CH3)(N-N-N°9},][PFse]. 1b-3b. Reaction conditions: see Table 2.3.
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1,4-Benzoquinone is recognised as an essential component of the catalytic system. Indeed,
when it is not present the productivity is very low and it increases on increasing the [BQ]/[Pd]
ratio (Figure 2.22). A macroscopic effect of BQ is related to the catalyst stability: considerable
formation of palladium metal is observed in the absence of BQ, while no decomposition to
palladium black is evident for all the three catalysts carrying out the reaction at [BQ]/[Pd] = 40
for 24 h. By using precatalyst 3b catalytic experiments were performed at 16, 48 and 72 h
(Figure 2.23). A linear relationship between productivity and reaction time was found up to 24
h of reactions, afterward the catalyst starts to deactivate.
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Figure 2.23. CO/styrene oligomerisation: effect of reaction time.
Precatalyst: [{Pd(CH3)(3)}.][PFs]. 3b.Reaction conditions: see Table 2.3.

It is well known from the literature that in CO/alkene copolymerisation benzoquinone is very
important to retain catalyst activity as evidenced by the linear relationship between the rate of
CO consumption and the [BQJ/[Pd] ratio, accompanied by no effect on the reaction rate,
observed, for instance, in the COJ/styrene copolymerization catalyzed by Pd-pyridine-
oxazoline complexes and in COl/ethylene/styrene terpolymerization catalysed by [Pd(3-R-
phen),][PFg]. derivatives. ™% Indeed, in the copolymerisation process its role is well
understood and it consists in the oxidation of Pd(0) to Pd(ll) with its concomitant reduction to

(4 22231 The resulting Pd(Il) species is a Pd-alkoxy intermediate and the

hydroquinone.
corresponding carbo-alkoxy group was found as one end group of the polymeric chains
(Scheme 2.4).

On the other hand, in the present investigation no ester group is observed at the end of the
oligoketone chains and there is no linear relationship between productivity and [BQ]/[Pd] ratio
(Figure 2.22). Analogous experimental data were obtained by us in the CO/styrene
oligomerisation catalysed by Pd complexes with 6-substituted-2 , -Bigyjidines®® and in the
styrene dimerisation catalysed by dinuclear Pd derivatives with terdentate P-N-N ligands.?"
All these findings suggest that the role played by BQ in these catalytic systems is apparently

different from that exerted in the most common CO/styrene copolymerisation.
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Scheme 2.4. The accepted role of the 1,4-benzoquinone in the catalytic cycle. GPC =
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In particular, it seems that benzoquinone not only increases the catalyst lifetime, but it might
modify the position of the equilibria involved in the formation of the active species rendering
available for the catalysis a higher amount of palladium centres. However, the catalytic data

do not allow making any speculation and/or hypothesis on its specific role.
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Figure 2.24. *C NMR spectra in HFIP + CDCl; of polyketones synthesised with: (a)
[PA(CH3)(CHsCN)(phen)][PFe¢]; (b) 1b. Region of the signals of the ipso carbon atom.

The polyketones obtained with precatalysts 1b and 2b were analyzed by *C NMR

spectroscopy to characterize their stereochemistry, recording the spectra in 1,1,1,3,3,3-
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hexafluoro-2-propanol (HFIP) at room temperature. In the region of the ipso carbon atom
only the signal due to the uu triad is present indicating that the polyketones have a fully
syndiotactic microstructure (Figure 2.24). This result represents the first time that CO/styrene
polyketones with a content of uu triad higher than 99.0% are obtained, the highest values
reported up to now were of 96 % and 97 % obtained with a Pd-tetrafluoro substituted
phenanthroline complex "% and with a Pd-dipyridophenazine derivative, ' respectively.
Small signals that do not correspond to ul, lu and Il triads are present in the region between
135.4 and 135.7 ppm. They might be assigned to ennades of higher order than three.

In agreement with the literature, 5?27 the 'H NMR spectra of the oligoketones synthesised
with precatalysts 1b-3b allow us to characterise their end groups as the vinyl function
der i vi n-gydrogencetimination on the Pd-alkyl bond and the 2,5-diphenyl pentyl-3-one
originated by the insertion of styrene into the Pd-H bond (Figure 2.25). For the latter end
group the like (A) and the unlike (A,) diasteroisomers, differing for the relative configuration
of the two stereogenic centres, might form (Chart 2.1). It is straightforward to note that, as
evidenced by the presence of the doublet at 1.48 ppm, only the unlike diastereoisomer is
observed, thus indicating that the enantioface discrimination that leads to the fully
syndiotactic polyketone is very efficient since the insertion of the first two styrene units
(Figure 2.25).

Ph O O
,MCHS ”WCHB
. R Z :

O , Ph O Ph Ph
/ Bl

Ph O
P S_CHjs

R

O ,, Ph

Chart 2.1. Possible CO/styrene oligoketone end groups (A, and B, are not observed).

Figure 2.25. 'H NMR spectra in CDCl; of oligoketones synthesised with: (a)
[Pd(CHs)(CHsCN)(bpy-OCH)][PFe];™¥ (b) 1b.
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2.2.3. Mechanism.

Attempts to gain some insights on the possible mechanism for the activation of precatalyst
were made by reacting a CD,Cl, solution of complex 1b with **CO in the NMR tube, at 298 K.
No reaction was observed over a period of time of 12 h. Another in situ experiment in the
NMR tube was performed by treating a CD,Cl, solution of complex 1lb wi t h 2 e q
of TFE and *3CO, in order to mimic the overall catalytic system. Once again, no variation was
evident in the *H NMR spectra. The protocol followed in the present work to perform these
studies was already applied by us to investigate the reactivity with carbon monoxide of
mononuclear Pd-CH; complexes with one or two molecules of bidentate N-donor ligands
bonded to the Pd centre. In those cases the reactivity of the precatalysts with carbon
monoxide was promptly evidenced by their complete transformation into the Pd-acetyl-
carbonyl intermediate within 10 minutes from the treatment with CO (Scheme 2.5). B3 On
the other hand, a very similar behaviour was already observed for dinuclear Pd-complexes
derived from a bisoxazoline ligand. ?® Also in that case it was observed that the dinuclear
derivative was either completely unreactive (in CD,Cl;) or very poorly reactive (in
CD,CI,/TFE) towards CO-insertion despite the fact that it displayed a fair catalytic activity in

the copolymerisation reaction.

o 12+ 1+
C WNOX Nq coO N CH3—|+ N Q
172 T3 "o oy S NN
/Pd\ 'Pd\CH /Pdw - Pa;  CHs
OoX
N NN 3 N co N s
NOX NOX
adventitious
CH5;COOH H,O
PC
N H_H—|+
Pd
AR
N S
NOX
o) Ph O I+
s n CO, n styrene
S CH, N CHs
“Pd I R
F’d g/ % Ph O Ph
ox N S
NOX n=3-5; x=1-3

Scheme 2.5. The proposed catalytic cycle. PC = polymer chain.

In addition, even the Pd-methyl complexes with the terdentate tpy and the other N-N-N

ligands reacted with CO under similar mild conditions to yield the corresponding Pd-acetyl

[6-7]

derivatives. However, it should be noted that for practical reasons all the NMR
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experiments are performed at a palladium concentration that is at least two orders of
magnitude higher than in the catalytic runs. As a result of this difference, in the catalytic
conditions the equilibrium between di- and mononuclear Pd-complexes shall be shifted in
such a way as to build up a fair concentration of mononuclear species that promptly reacts
with CO according to the established mechanism. Thus, dinuclear Pd-complexes may be
viewed as a resting state of the catalyst. Notably, the presence of a third N-donor centre in
the proximity of the metal can be helpful in stabilizing coordinatively unsaturated
intermediates in the catalytic cycle (Scheme 2.5). This may eventually results in a positive
effect exerted by this type of ligands towards the catalyst.

2.3 Conclusions.

The coordination chemistry to palladium of three terdentate N-donor ligands featured by a
phenanthroline skeleton substituted in position 2 by an oxazoline ring has been investigated
in detail. These ligands show the tendency to bridge two metal ions leading to dinuclear
complexes where the phenanthroline nitrogen atoms chelate one Pd ion, while the oxazoline
nitrogen donor is bonded to the other metal ion. The stability in solution of the resulting
cationic complexes is related to the nature of the counterion: with hexafluorophosphate the
complexes are stable both in CD,Cl, and in dmso-ds; whereas in the case of chloride a
different behaviour is observed depending on the solvent. In dichloromethane a patrtial
cleavage of the dinuclear species is observed as a consequence of the coordination of the
anion, while in dmso-de the dimeric species is detected immediately after dissolution,
followed by the complete dissociation of the N-donor ligand and the formation of the solvated
species, [Pd(CH3)Cl(dmso-ds)].

The hexafluorophosphate derivatives generate active catalysts for styrene carbonylation
under mild reaction conditions leading to higher productivities than those reported by us for
Pd compl e x ebipyridiries substRute@ iNposition 6 with an alkyl group. In addition to
the COl/styrene oligoketones, traces of the corresponding polyketones are also obtained.
Their NMR characterisation reveals that the copolymers have a fully syndiotactic
microstructure.

Even though from the experimental data it is not possible to gain insight about the
mechanism involved in the activation step of the precatalyst and about the nature of the
active species, this is the first time ever that a COl/vinyl arene copolymer with a fully

syndiotactic microstructure is obtained.

2.4. Experimental.
2.4.1. Materials and methods. [Pd(OAc),] was a gift from Engelhard Italia and was used as

received. All the solvents were purchased from Sigma-Aldrich and used without further
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purification for synthetic, spectroscopic and catalytic purposes, with the only exception of the
dichloromethane used for the synthesis of complexes, which was purified through distillation

over CaH, under argon atmosphere and used freshly distilled. Carbon monoxide (CP grade
99.9%), supplied by SIAD, and styrene (99%, with 4-tert-butylcatechol), supplied by Aldrich,
were used as received. NMR spectra of ligands, complexes and their reactivity with **CO
were recorded on a Varian 500 spectrometer at 298 K and at the following frequencies: 500

MHz (*H), 125.68 MHz (**C), 50.65 MHz (**N); the resonances were referenced to the
solvent peak versus TMS: CDCl;at U 'M) 2&8nd WNC),TD.Clpat( o 'H).agd2 (
54.0 (*°C), dmso-ds at U 'M). B©® NMR spectra of polyketones were recorded in
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) with a small amount of CDCI; for locking purposes
at125.68 MHz andrefer enced at U 77 . 0N N®R spaciracaselrefesaniof t s o
CH3NO, as external standard. IR spectra of complexes 1b-3b were recorded in Nujol on a
Perkin Elmer System 2000 FT-IR. Mass spectra of complexes and catalytic products were
run by ESl-ion trap on a Bruker-Esquire 4000.

X-rays analysis. Collection data of 3a were performed by using a Brucker Kappa CCD
imaging plate mounted on a Nonius FR591 rotating anode (A = 1.5418A). Due to the small
crystal dimensions, diffraction data of 3b were collected at 100(2) K at the XRD1 diffraction
beamline of Elettra Synchrotron, Trieste (ltaly), wavelength radiation 1 = 1.0000 A. Cell
refinement, indexing and scaling of the data sets were carried out using Mosflm *® and
Scala.”® The structure was solved by direct methods and subsequent Fourier analyses !
and refined by the full-matrix least-squares method based on F? with all observed

291 All the calculations were performed using the WinGX System, Ver 1.80.05. B

reflections.
2.4.2. Synthesis of ligands 1-3.

Ligands 1-3 were prepared following the procedure reported in the literature. ©!

2.4.3. Synthesis of Pd complexes.
All syntheses were performed using standard vacuum-line and Schlenk techniques under

argon atmosphere and at room temperature, according to the published procedures. #1012

[{Pd(CH3)(N-N-N°},]Cl, (1a-3a).
General synthesis. To a stirred solution of [Pd(CH3)Cl(cod)] (0.3 mmol) in CH,Cl, (2 mL), a
solution of the ligand (1.1 eq) in CH.Cl, (3 mL) was added. After 1 h at room temperature the

reaction mixture was concentrated and the product precipitated as a yellow solid upon

addition of diethyl ether or petroleum ether, bp 40-60 °C.

[{Pd(CH3)(1)}.ICl (1a) Yield: 67 %.
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'H NMR (500 MHz, CD,Cl,, 298 K) 9.09 (1H, d, H%), 8.97 (1H, d, H®), 8.91 (1H, d, H°), 8.60-
8.55 (3H, m, H’, H%), 8.32 (1H, d, H®), 8.08-7.93 (2H, dd, H>°), 8.02 (2H, s, H>°), 7.90-7.82
(3H, m, H® Ar-H), 7.79 (1H, d, H%), 7.52-7.30 (9H, m, Ar-H, Ar-H), 5.92 (1H, dd, H*), 5.57
(1H, dd, H*), 5.14 (1H, dd, H*), 4.89 (1H, dd, H®), 4.73 (1H, dd, H°), 4.46 (1H, dd, H®), 1.26
(3H, s, Pd-CHs), 1.17 (3H, s, Pd-CHy).

13C NMR (125.68 MHz, CD,Cl,, 298 K) 149.10 (C°), 148.81 (C°), 138.43 (C* C’), 138.27
(C%, 130.66 (C?), 129.0 (C?, Ca), 128.5 (C° or C°), 128.5 (Cp), 127.8 (C>°, Ca), 127.8 (C° or
C°%, 127.3 (C%), 125.5 (C?), 77.5 (C®), 76.3 (C°), 72.8 (C*), 71.31 (C*), 1.8 (Pd-CH3), 1.3 (Pd-
CHa).

®N NMR (50.65 MHz, CD,Cl,, 298 K) -150.5 (N'), -149.9 (N9, -117.6 (N, -117.0 (N%).

m/z 446 (%, M*), 431 (M - CHy).

[{Pd(CH5)(2)},]Cl, (2a). Yield: 73%.

'H NMR (500 MHz, CD,Cl,, 298 K) 9.53 (1H, d, H®), 8.94 (2H, t, H%), 8.64 (1H, m, H%), 8.56
(2H, m, H™%), 8.22 (1H, d, H%), 8.07-8.00 (4H, m, H*>®), 7.86 (1H, dd, H®), 4.77 (1H, dd, H®),
4.64 (2H, m, H*®), 4.49 (1H, m, H*), 4.23 (1H, m, H®), 2.32 (2H, m, CH,), 1.85 (2H, m, CH,
and CH), 1.76 (1H, m, CH), 1.56 (1H, m, CH,), 1.21 (3H, s, Pd-CH3), 1.17 (3H, s, Pd-CHa),
1.01 (9H, m, CHs), 0.94 (3H, m, CHy).

13C NMR (125.68 MHz, CD,Cl,, 298 K) 148.8 (C°), 138.3 (C*"), 137.7 (C%), 129.3 (C?), 127.0
(C%), 128.7 (C° or C°), 128.8 (C° or C®), 125.4 (C®), 75.5 (C®), 74.9 (C°), 74.6 (C°), 66.9 (C*),
66.6 (C*), 43.9 (CH,), 44.7 (CH,), 45.1 (CH,), 25.9 (CH), 23.8 (CHs), 22.5 (CH3), 1.9 (Pd-
CHa), 1.10 (Pd-CHy).

>N NMR (50.65 MHz, CD,Cl,, 298 K) -149.7 (N'9), -117.4 (NY).

miz 426 (%, M*), 411 (M - CHy).

[{Pd(CH3)(3)}]Cl, (3a). Yield: 85%

Crystal data of 3a. C4H40Cl2NsO,Pd,, M = 992.54, tetragonal, space group P 4,22 (No. 95),
a = 16.527(3), ¢ = 17.005(5) A, V = 4644.8(18) A®, Z = 4, pcalcd = 1.419 g/cm®, W(Cu-Ka) =
7.638 mm't, F(000) = 2000. Final R = 0.0636, wR2 = 0.1433, S = 1.109 for 169 parameters
and 28058 reflections, 2988 unique [R(int) = 0.0535], of which 1222 with | > 2o(l). Flack
parameter = 0.09(5). Max positive and negative peaks in gp Fmap 0.966, i 0.550 e A

'H NMR (500 MHz, CD,Cl,, 298 K) 9.73 (1H, d, H%), 8.97 (1H, d, H®), 8.94 (1H, dd, H°), 8.64-
8.57 (2H, m, H?), 8.57-8.54 (2H, m, H), 8.31 (1H, d, H%), 8.07-7.97 (4H, m, H>®), 7.88-7.83
(2H, m, H®), 7.38-7.27 (10H, m, Ar-H), 6.27-6.19 (2H, m, H°), 4.90 (1H, m, H*), 4.67 (1H, m,
H*), 1.26 (3H, s, Pd-CHs), 1.24 (3H, s, Pd-CHs), 0.92-0.88 (6H, m, CHs).

13C NMR (125.68 MHz, CD,Cl,, 298 K) 149.0 (C®), 138.5 (C*"), 129.1 (C®), 128.6 (Ca/), 127.9
(C>%), 127.2 (Ca), 126.8 (C?), 125.6 (C?), 86.3 (C°), 85.6 (C°), 66.7 (C*), 66.3 (C*), 17.8
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(CHs), 1.8 (Pd-CHz), 1.3 (Pd-CHy).
®N NMR (50.65 MHz, CD,Cl,, 298 K) -149.8 (N'9), -116.7 (N%), -191.5 (N%), -131.3 (N%).
m/z 460 (%, M"), 445 (M - CHy).

[{Pd(CHz)(N-N-N)}2][PFe]2 (1b-3b)

General synthesis. To a stirred solution of [{Pd(CHz)(N-N-N")}L][Cl]> (N-N-N®* = 1-3) (0.15
mmol) in CH,CI, (3 mL), a solution of AgPFs (1.1 eq) in acetonitrile (2 mL) was added. After 1
h at room temperature the reaction mixture was filtrated over Celite®, concentrated and the
product precipitated as a yellow solid upon addition of diethyl ether or petroleum ether, bp
40-60 °C.

[{Pd(CH3)(1)}2][PFe)- (1b). Yield: 75 %.

'H NMR (500 MHz, CD,Cl,, 298 K) 9.06 (1H, d, H%), 8.80 (1H, m, H%), 8.63 (1H, d, H"), 8.29-
8.21 (3H, m, H>®, HY), 7.76 (1H, dd, H®), 7.18-7.00 (5H, m, Ar-H), 5.61 (1H, t, H%), 5.38 (1H, t,
H*), 5.16 (1H, t, H*), 0.07 (3H, s, Pd-CH).

13C NMR (125.68 MHz, CD,Cl,, 298 K) 150.29 (C°), 141.34 (C*), 140.36 (C’), 130.83 (C°® or
C®), 129.90 (Ca), 129.67 (Ca), 128.52 (Ca,), 127.89 (C° or C°), 126.90 (C?), 126.88 (C?),
78.30 (C°), 73.76 (C*), 7.37 (Pd-CH).

>N NMR (50.65 MHz, CD,Cl,, 298 K) -185.4 (N°¥), -157.9 (N'°), -119.8 (N%).

'H NMR (500 MHz, dmso-de, 298 K) 9.38 (1H, d, H*), 8.91 (2H, m, H*"), 8.46 (2H, d, H>®),
8.33 (1H, d, H%, 7.83 (1H, dd, H®), 7.21 (2H, d, Ar-H), 7.12 (3H, m, Ar-H), 5.77 (1H, t, H®),
5.40 (1H, t, H*), 5.22 (1H, t, H®), -0.13 (3H, s, Pd-CH,).

IR (Nujol mull): 3mad/cm™ 841br and 556br (PFe )

m/z 446 (%, M"), 431 (M - CHy).

[{Pd(CH3)(2)}:][PFel2 (2b). Yield: 69 %.
'H NMR (500MHz, CD,Cl,, 298 K) 8.97 (1H, d, H*, 8.74 (1H, d, H"), 8.54 (1H, d, H?), 8.50
(1H, d, H%, 8.29 (2H, g, H*>®), 7.90 (1H, dd, H®), 5.27 (1H, t, H%), 4.69 (1H, t, H*), 4.35-4.26
(1H, m, H*), 2.24-2.17 (1H, m, -CH,-CH-), 1.89-1.77 (1H, m, -CH,-CH-), 1.66-1.59 (1H, m, -
CH,-CH-), 0.66 (3H, d, -CH-(CHs),), 0.62 (3H, d, -CH-(CHs),), 0.31 (3H, s, Pd-CH).

13C NMR (125.68 MHz, CD,Cl,, 298 K) 150.70 (C°), 141.27 (C*), 140.61 (C"), 130.94 (C® or
C®), 128.00 (C° or C®), 127.06 (C®), 126.60 (C®), 77.18 (C®), 67.67 (C*), 46.12 (-CH,-CH-),
25.80 (-CH,-CH-), 22.50 (-(CHs)z), 21.60 (-(CHs),), 6.46 (Pd-CHs).

*N NMR (50.65 MHz, CD,Cl,, 298 K) -189.0 (N°¥), -158.0 (N*°), -121.0 (N%).

'H NMR (500 MHz, dmso-de, 298 K) 9.29 (1H, d, H%), 8.99 (1H, d, H"), 8.65 (1H, d, H®), 8.53
(1H, d, H%), 8.50 (2H, s, H*>®), 7.95 (1H, dd, H®), 5.55 (1H, t, H°), 4.69 (1H, m, H%), 4.22 (1H,
m, H*), 2.12 (1H, m, -CH,-CH-), 1.88 (1H, m, -CH,-CH-), 1.63 (1H, m, -CH,-CH-), 0.57 (6H,
d, -CH-(CHs),), 0.16 (3H, s, Pd-CH3).
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IR (Nujol mull): 3mad/cm™ 845br and 557br (PFe )
m/z 426 (%, M), 411 (M - CHa).

[{Pd(CH3)(3)}][PFel2 (3b). Yield: 65 %.

Crystal data of 3b. CH,Cl,: C47H42Cl:F12NgO2P,Pd,, M = 1296.51, hexagonal, space group P
6122 (No. 178), a = 14.1900(11), ¢ = 42.200(4) A, V = 7358.8(10) A®, Z = 6, pcalcd = 1.755
g/cm?®, F(000) = 3876. Final R = 0.0283, wR2 = 0.0709, S = 1.058 for 336 parameters and
82509 reflections, 2120 unique [R(int) = 0.0228], of which 2113 with | > 2c5(l). Flack
parameter = 0.48(2). Max positive and negative peaks in qoFmap 0.354, i 0.348 e A®. The
enantiomorphic space group (P6,22 vs P6s22) could not be properly fixed being the Flack
parameter of 0.48(2) indicative of a possible twinned crystal. Beside the PF¢ anions located
on a two-fold axis, a CH,Cl, lattice molecule was detected on the Fourier map.

'H NMR (500MHz, CD,Cl,, 298 K) 9.04 (1H, d, H?%, 8.78-8.69 (2H, m, H*'), 8.53 (1H, d, H?),
8.31 (2H, s, H>%), 7.90 (1H, dd, H®), 7.57-7.45 (3H, m, Ar-H), 7.39 (2H, d, Ar-H), 6.60 (1H, d,
H®), 4.86 (1H, dg, H*), 1.12 (3H, d, -CHs), 0.38 (3H, s, Pd-CHy).

13C NMR (125.68 MHz, CD,Cl,, 298 K) 150.65 (C°), 141.20 (C*), 140.59 (C’), 130.89 (C® or
C®), 129.72 (Ca), 127.80 (C° or C°), 126.93 (C?), 126.81 (Cn), 126.38 (C%), 87.91 (C?), 68.50
(C*), 19.26 (-CHs), 6.62 (Pd-CHy).

>N NMR (50.65 MHz, CD,Cl,, 298 K) -187.0 (N°¥), -158.0 (N*°), -121.0 (N*).

'H NMR (500 MHz, dmso-dg, 298 K) 9.34 (1H, d, H*), 8.99 (1H, d, H? or H), 8.94 (1H, d, H®
or H'), 8.58 (1H, d, H%), 8.53 (1H, dd, H>®), 7.96 (1H, t, H®), 7.56 (4H, s, Ar-H), 7.48 (1H, s,
Ar-H), 6.91 (1H, d, H*), 4.89 (1H, m, H*), 0.98 (3H, d, -CHs), 0.20 (3H, s, Pd-CH,).

IR (Nujol mull): 3madcm™ 842br and 556br (PFg )

m/z 460 (%, M"), 445 (M - CHy).

2.4.4. CO/styrene copolymerisation.

All experiments were carried out at atmospheric CO pressure in a three-necked,
thermostated, 75 mL glass reactor equipped with a magnetic stirrer and connected to a
temperature controller. After establishment of the reaction temperature, the precatalyst, 1,4-
benzochinone, styrene, and TFE were placed inside. CO was bubbled through the solution
for 10 min; afterward a 4 L balloon previously filled with CO was connected to the reactor.
The system was stirred at the same temperature for 24 h remaining as a yellow solution. The
reaction mixture was then poured into methanol (100 mL) and stirred for 1 h at room
temperature. The solid, if any was formed, was filtered off and washed with methanol. The
filtrate was brought to dryness yielding a yellow-brown oil. The products (solid and oil) were

dried under vacuum to constant weight.
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CHAPTER 3

Analogies and differences in palladium-catalyzed

CO/Ninyl arene and ethylene/acrylate copolymerisation

reactions

Overview.

N e w -dilthines ligands with acenaphthene (BIAN) and 1,4-diaza-1,3-butadiene (DAB)
skeletons and the 1-naphthyl (1-naphtBIAN, 1-naphtDAB) or the 2-naphthyl (2-naphtBIAN, 2-
naphtDAB) moieties have been synthesised and used in the synthesis of the corresponding
Pd" complexes, [Pd(CH3)(L)(N-N)]?* (L = CI, NCCH 3). In the case of the neutral complex
with the 1-naphtBIAN, the crystal structure in solid state probes the presence in the unit cell
of syn and anti isomers that are also observed in solution by NMR spectroscopy. The
monocationic complexes were tested as precatalysts in CO/styrene copolymerisation under
mild conditions of temperature and CO pressure achieving the corresponding polyketone
with productivities from 1.2 to 2.7 (kg CP) (g Pd)?, that are in the typical range for catalysts
cont ai-dimineg. Inlhe **C NMR spectrum of the polymer obtained with the catalyst
containing the 2-naphtBIAN the signals of all the four triads are present with a similar
distribution indicating an atactic microstructure. Also in the **C NMR spectrum of the polymer
obtained with the catalyst containing the 1-naphtBIAN the signals of all the four triads are
present, but the content of the Il triad is higher (~ 40%) suggesting the formation of a
stereoblock copolymer. The monocationic complexes were also tested as precatalysts in
ethylene/MA copolymerisation under mild conditions of temperature and ethylene pressure.
Only the 1-naphthyl derivatives were found active, with the DAB catalyst being more
productive than the BIAN one. The catalytic product is a mixture of highly branched
oligomers and cooligomers, with the polar monomer at the end of the branches. The acrylate

content is the highest ever r epodimmaligandsr t

Part of this work will be used in a future publication:
Vera Rosar, Angelo Meduri, Ennio Zangrando, Carla Carfagna, Tiziano Montini, Paolo

Fornasiero, Barbara Milani, manuscript in preparation
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3.1. Introduction.

U-diimine ligands having either an acenaphthene (Ar,BIAN) or a 1,4-diaza-2,3-butadiene
(Ar,DAB) skeleton and aryl rings on the nitrogen atoms were reported for the first time in the
1960s. 4 However, they have been widely employed as ligands only since the 1990s when
El sevier6s gr ou peneratattantpm® andemafitoergwards, thank.
discovery that the relevant Ni'" and Pd" derivatives are excellent catalysts for polyolefin
synthesis. ® Since then, they have been applied as ligands for palladium, nickel, ruthenium
(to name just a few of the d-block metals) and recently also s-, p- and f-block metals. ! Great
part of these complexes has been used as catalysts for a wide variety of reactions. These
catalytic reactions involve both carbon-carbon bond forming reactions (e.g. alkenes
dimerisation, ©® oligomerisation,  polymerisation ©®***) and carbon-element bond forming
reactions (e.g. alkenes ™ and alkynes ¥ hydrogenation).

The class of carbon-carbon bond forming reactions, in addition to the alkene
homopolymerization, encompasses the CO/vinyl arene and the ethylene/methyl acrylate
(MA) copolymerizations, too. In particular, in the field of the CO/vinyl arene copolymerization
the Pd" complexes of general formula [Pd(CH3)(NCCHs)(N-N)][BArF] (N-N = Ar,BIAN,
Ar,DAB; BArF = B(3,5-(CFs),Ph),) have been applied. ***! The investigated Ar,BIAN and
Ar,DAB were featured by the aryl rings exclusively substituted in ortho positions by groups of
different steric hindrance, like methyl and isopropyl and, depending on the nature of these
substituents, the related Pd-complexes shown poor activity (15 (g CP) (g Pd)™) or complete
inactivity. Nevertheless, when active these catalysts led to the formation of CO/vinyl arene
polyketones with isotatic stereoblocks. It was also found that by moving the substituents on
the aryl rings from the ortho to the meta positions resulted in efficient catalysts for this
copolymerization achieving values of productivity as high as 3.70 (kg CP) (g Pd)* in the
synthesis of copolymers with Mw values ranging from 7000 (1.6) to 47000 (2.0). All the
polyketones produced by catalysts with meta-substituted Ar,BIANs are atactic regardless to
the symmetry of the ligand bonded to the palladium centre. These results highlight that the
position of the substituents on the aryl rings plays a fundamental role in determining catalyst
activity and copolymer properties, like molecular weight and stereochemistry.

On the other hand, in the ethylene/methyl acrylate copolymerisation the best results in terms
of productivity were obtained by catalysts with Ar,BIAN derivatives having ortho-substituted

s. 8 \When catalysts having Ar,BIANs with meta-substituted aryl rings were tested,

[19]

aryl ring
the systems were found to be inactive leading only to uncharacterised palladium species
(see Chapter 4). It is apparent that the aforementioned reactions have different steric
requirements: while one needs free space around the metal centre (Figure 3.1a), the other
needs encumbering groups close to it (Figure 3.1b). We wondered if it was possible to use

this knowledge about the different steric requirements of the two reactions as a starting point
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t o synt Wieniné bgands(tapable of generating catalysts for both CO/alkene and
ethylene/methyl acrylate copolymerisations with high productivity and controlling the
macromolecule properties. We decided to use naphthyl moieties in order to meet steric
reqguirements of both reacti ons -dinfine Ggandehavihg
either an acenaphthene or a diazabutadiene skeleton connected to 1-naphthyl (1-naphtBIAN
4, 1-naphtDAB 6) or 2-naphthyl (2-naphtBIAN 5, 2-naphtDAB 7) groups (Figure 3.2).

Figure 3.1. Schematic representations of: (a) meta-substituted; (b) ortho-substituted; (c)
naphthyl-substituted Ar,BIAN ligands.

3.2. Results and Discussion.

3.2.1. Synthesis and characterisation of ligands 4-7.

While ligands 4 ® and 6 Y are already known from the literature, ligands 5 and 7 are
reported here for the first time. Ar,BIAN ligands 4,5 %2022 and Ar,DAB ligands 6,7 ! were
synthesised according to well established methodologies for analogous molecules (Figure
3.2).

5

4
at 0o
00 g®
Vi \
@ O D
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(a) . 1. ZnCly, CH3COOH, reflux 514
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Figure 3.2. Synthesis of ligands: (a) 4,5; (b) 6,7; with their numbering scheme.
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Both syntheses are performed in an acidic medium, but the synthesis of the Ar,BIANSs
employs ZnCl, as templating and drying agent (Figure 3.2a), whereas no such molecule is
necessary for the synthesis of Ar,DABs (Figure 3.2b).

Ligands 4-7 were characterised by NMR spectroscopy in CD,Cl, solution at 298 K. In the
case of the Ar,BIANs 4,5, the 'H NMR spectra showed the presence of two sets of signals
(Figure 3.3a-b), attributed to the (E,E) and (E,Z) isomers, which differ in the aryl moieties
position with regard to the C=N bonds (Figure 3.4a).

514ort6  H20.21
H3.22 H i H4.140r16 H3
(a) \\. ]
N N ,H | |
L]l (P - m
¢ ',‘\JWU'WUJU e il e J:_:u”L
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5 s
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U M
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11,14, 70r8 1213 Hr‘ J\ 3
H'=, |‘ H7ors Ji
(d) ﬁf\fu‘ﬂ I I I ——
) Tl J I 235 225 215
T

S/ppm
Figure 3.3. 'H NMR spectra in CD,Cl, at 298 K of: (a) 4; (b) 5; (c) 6; (d) 7. The aliphatic
region here repor teelisomes. not in scale. 0: (

For both ligands 4 and 5, the (E,E) isomer was the prevailing species in solution (Figures
3.3a-b), in agreement with literature.”” However, in the crystal structure of 4, already
reported, % the ligand features only an (E,Z) pattern. Therefore, it adds up to the few
exceptions of (E,Z) isomers reported in literature®®??° against the usual (E,E) pattern
adopted by Ar,BIAN ligands.!"

In the case of ligands 6,7, only one set of signals was present in the *H NMR spectra (Figure
3.3c-d), reasonably attributed to the (s-trans)-(E,E) species. In fact, the Ar,DAB ligands can
attain either a (s-cis) or a (s-trans) geometry, differing for the position of the imine bonds with

regard to each other (Figure 3.4b). The two species can isomerise through a rotation of the
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=C(CHa3)-C(CHz)= bond, although the rotation might be partly impeded due to the conjugation
of this bond with the adjacent imine double bonds.

Beside the aforementioned (E,E)/(E,Z) and (s-cis)/(s-trans) isomerism, for ligands 4-7 also
syn/anti isomers, differing for the relative orientation of the naphthyl moieties with respect to
the plane of the skeleton of the ligand, are accessible (Figure 3.4c; see Chapter 5 for more
details). In agreement with the literature, *?°?* 'H and *3C NMR spectra (CD,Cl,, 298 K) of
ligands 4-7 show one set of signals for the syn/anti isomers, evidencing either the presence
of only one species or a fast exchange between the conformers on the NMR timescale (see
also Chapter 5). It should be noted that the anti isomer has a C, symmetry and, being chiral,
is also defined as rac isomer, while the syn isomer has a Cs symmetry and it is the meso

isomer.™

(a) (b) (c)

Figure 34. The three possi bl e c-diimisesligands: ¢aj (E,E)§EZnferr s f o
ligands 4-7; (b) s-cis/s-trans for ligands 6,7; (c) syn/anti isomers of ligand 4 (analogue

isomers are possible for ligands 5-7).

The dynamic process involving the (E,E)/(E,Z) and syn/anti geometries do not affect the
chelating ability of the ligands:!”! the former because the two species are in an equilibrium
fast enough not to influence the coordination, the latter because their geometries are
irrelevant to it. Instead, in the case of ligands 6,7, the interconversion from the detected (s-
trans) geometry to the (s-cis) one required to chelate the palladium proved to play an

important role in the synthesis (vide infra).

3.2.2. Synthesis and characterisation of palladium complexes.
All ligands were reacted with [Pd(CH3)Cl(cod)] to yield the corresponding neutral complexes
(Scheme 3.1).
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Scheme 3.1. Synthesis of palladium complexes 4a-7a, 4b-7b. Solvent: CH,CI, for 4a-6a;
CH,CI,/CHCI; 5/3 for 7a.

Complexes 4a,5a were easily obtained with the established literature methodology %
Instead, in the case of complexes 6a-7a, a longer reaction time was needed, reasonably due
to the time required by the (s-trans)-(E,E)-isomer of 6,7 to isomerise to (s-cis) molecule in
order to chelate the metal centre. The products were isolated as solids of colour ranging from
dark red to orange.

For complexes 4a and 6a suitable crystals for X-ray analysis were obtained by slow diffusion,
at 4 °C, of n-hexane into a CD,Cl, solution of the complexes. In the unit cell of complex 4a
both syn and anti isomers were present, while in that of 6a only the anti isomer was found
(Figure 3.5). As expected in both complexes the palladium ion attains the usual square
planar coordination geometry, being coordinated to the two nitrogen atoms of the ligand, to
one methyl group and one chloride. However, in the anti isomer of 4a a partial substitution
(almost 50 %) of the Pd-CHs; fragment with a second Pd-CI group was found. It is not unusual
for Pd-methyl-chloride complexes to observe this behaviour during recrystallisation
processes in chlorinated solvents where traces of HCI are present.

As far as the coordination bond distances is concerned, both in the syn isomer of 4a and in
6a the Pd-N(1) bond is remarkably longer than the Pd-N(2) bond, in agreement with the trans
influence of the Pd-CH; fragment trans to it (Table 3.1). It should be noted that the Pd-N(1)
bond length is considerably shorter than that found in analogous Pd-complexes,™®?"2
suggesting a higher coordinating capability of ligand 4. In the anti isomer of 4a, the difference
between the Pd(2)-N(3) and Pd(2)-N(4) bond distances is not so pronounced due to the
partial substitution of the methyl group with the chloride ion. For both complexes the ligand
skeleton is coplanar with the coordination plane, while the aryl rings are oriented almost
orthogonally to it, with values of the dihedral angle between 80.0 and 87.0° (Table 3.1), with
the exception of the dihedral angle Ar-N(4)/BIAN of the anti isomer of 4a, that is similar to
that measured in the complex anti-[PdCl,(4)].2” This orientation of the aryl rings is typical for

palladium complexes with ortho-substituted Ar,BIANs.>%%
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Figure 3.5. ORTEP representation (thermal ellipsoids at 50% probability level) of: (a)

Complex 4a-2CH,Cl,; two independent molecules are present in the unit cell; in the case of

the anti isomer, a partial substitution of the Pd-CHs; with Pd-Cl was observed (CHs/Cl =
0.59/0.41). (b) Complex anti-6a-CH,Cl,.

Table 3.1. Selected bond lengths and angles for complexes 4a and 6a.

syn-4a

anti-4a

anti

-6a

Bond lengths (A)

Pd(1)-C(1) 2.051(7) Pd(2)-C(2) 2.188(4) Pd(1)-C(1) 2.071(10)

Pd(1)-N(1) 2.139(6) Pd(2)-N(3) 2.109(6)  Pd(1)-N(1) 2.043(9)

Pd(1)-N(2) 2.047(6) Pd(2)-N(4) 2.062(6)  Pd(1)-N(2) 2.125(8)

Pd(1)-Cl(1) 2.2878(19)  Pd(2)-CI(3) 2.253(2)  Pd(1)-CI(1) 2.289(3)
Bond angles (°)

N(1)-Pd(1)-N(2) 79.9(2)  N(3)-Pd(2)-N(4) 80.4(2) N(1)-Pd(1)-N(2) 77.7(3)

C(1)-Pd(1)-CI(1) 91.0(2)  C(2)-Pd(2)-CI(3) 88.56(12) C(1)-Pd(1)-Cl(1) 89.3(3)
Dihedral planes (°)

Ar-N(1)/BIAN  81.5(1)  Ar-N(3)/BIAN  86.9(1) Ar-N(1)/Pd., 80.9(4)

Ar-N(2)/BIAN  84.3(1)  Ar-N(4)/BIAN  69.3(1) Ar-N(2)/Pd.p 83.4(4)
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Figure 3.6. syn/anti isomers of complexes 4a-7a and 4b-7b, and their numbering scheme.

All complexes were characterised by *H and *C NMR spectroscopy in CD,Cl, solution at 298
K. Upon coordination to palladium, the two halves of the ligand are no more magnetically
equivalent and were distinguished by NOESY experiments. In agreement with the

literature, 034

the protons of the half of the ligand in cis position to the Pd-Cl bond resonate
at higher frequency than the same protons both in the free ligand and in cis to the Pd-CHj;
fragment. Whereas in the spectra of complexes 5a and 7a, having the 2-naphthyl moiety,
only one set of signals is present, in those of complexes 4a and 6a, having the 1-naphthyl
fragment, two sets of signals are observed, indicating the presence of the syn and anti
isomers (Figure 3.6), in agreement with the structure in solid state of 4a (Figure 3.5a).

Due to the very similar magnetic environment of both isomers, not all nuclei experience a

great difference in chemical shift in changing from syn to anti isomer. The most sensitive and
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characteristic signals are those of some protons of the ligand skeleton: H*® and H' for 4a,
that appear as two couples of doublets, and CHs' and CH;* for 6a, that are two pairs of
almost overlapped singlets (Figures 3.7a and c, respectively). For each pair, the signals have
slightly different intensity indicating a different ratio of the two isomers in the mixture obtained
immediately after dissolution. However, from the experimental data it is not possible to

recognise which is the prevailing isomer.
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Figure 3.7. *H NMR spectra in CD,Cl, at 298 K of: (a) 4a; (b) 5a; (c) 6a; (d) 7a.

In the ROESY spectrum (Figure 3.8) of a solution of 4a, recorded at room temperature,
exchange peaks due to the interconversion between the two halves of the coordinated ligand
are present, while no cross peak between the signals of the two isomers is observed.
Nevertheless, following the evolution with time of *H NMR spectra of a solution of 4a kept at
room temperature for 4 days, a variation in the intensity of the characteristic resonances of
the two isomers is observed, indicating a slow interconversion between them (Figure 3.9).

The interconversion did not seem to proceed further after 1 day, when a statistical ratio was
reached (see also Chapter 5). Instead, new signals grow with time, which are attributed to
the [PdCI»(4)] species. In fact, the complex is unstable in the chlorinated solvent, evolving

toward its dichloro derivative, as also observed in the solid state (Figure 3.5).
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In order to support the hypothesis of the interconversion between the syn and anti isomers,

NMR spectra at variable temperature were recorded in CD3NO, (Figure 3.10).
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Figure 3.10. *H NMR spectra (aromatic region) of 4a in CDsNO, at T(K): (a) 298; (b) 318; (c)

338; (d) 358; (e) 298 again. M = major species; m = minor species.

In the spectrum recorded in CD3NO, at room temperature the ratio between the two isomers
is different with respect to that found in the spectrum recorded in CD,Cl, at the same
temperature (Figure 3.10a vs Figure 3.9a), thus supporting the existence of the equilibrium
between the two isomers. Upon increasing temperature one isomer is transformed into the
other and at T = 338 K an almost 1 : 1 ratio is reached; a further increase of temperature to
358 K results in broadening of the signals, that become sharp again when the system is
cooled down at 298 K, thus indicating that the no decomposition occurs at high temperature.

All the performed NMR experiments indicate that the syn and anti isomers are in equilibrium
at very low rate, with respect to the NMR time scale, at room temperature. The mechanism
active to transform one isomer into the other is not clear; indeed it is reported that in
coordinated Ar,BIAN ligands no free rotation of the aryl rings along the N-Ci,, should be

possible due to the presence of the encumbering naphthalene skeleton. 2

The related monocationic complexes 4b-7b were synthesised according to literature
(Scheme 3.1). *?® However, in this case particular care was required in the product isolation,
since the first to precipitate upon the addition of diethyl ether was a dark sticky byproduct,
which was not possible to characterise. After having filtered away the latter, the desired
product precipitates. Its characterisation was attained by multinuclear *H and *C NMR
spectroscopy in CD,Cl, solution at 298 K (See experimental).
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In analogy with the neutral complexes 4a-7a, for the 2-naphthyl-derivatives 5b and 7b only
one set of signals is present in the "H NMR spectrum, while in the case of the 1-naphthyl-
derivatives 4b and 6b two sets of signals are present, indicating the presence of syn and anti
isomers (Figures 3.11-3.12).
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As observed for the neutral derivatives, also in the case of 4b and 6b not all protons are
affected by the syn/anti geometries and the most sensitive are those of the ligand skeleton
(H*>* for 4b; CHs' for 6b), the Pd-CH; and, in the case of 4b, also the Pd-NCCHjs, that
originate two sets of signals each. For 6b the methyl closer to the Pd-NCCH; moiety (CH3%),
does not seem to be affected by any hindered rotation and its signal is a singlet. Moreover, in
contrast to the neutral complexes 4a and 6a, for the monocationic derivatives 4b and 6b an
equimolar ratio of syn and anti isomers is observed immediately after dissolution (Figure
3.12).

3.2.3. CO/styrene copolymerisation.

Monocationic complexes 4b-7b were tested as precatalysts in CO/styrene copolymerisation.
The reaction was performed in 2,2,2-trifluoroethanol as solvent at T = 303 K with Pco = 1
atm, [styrene]/[Pd] = 6800, [1,4-benzoquinone]/[Pd] = 5, for 24 h. The reaction was quenched
with methanol and the catalytic product was isolated as a white solid, whose characterisation
was achieved by *C NMR spectroscopy in 1,1,1,3,3,3-hexafluoroisopropanol/CDCl; 1/2 at
298 K.

Table 3.2. CO/styrene copolymerisation: effect of the ligand nature.
Precatalyst: [Pd(CH3)(NCCHs)(N-N)][PFe].[

Run N-N Yield (g) kg CP/g Pd® Mw (Mw/Mn) R.U TONU

1 4 1.6624  1.231 23000 (1.4) 174  5.55
2 5 3.6840  2.729 24000 (1.8) 182  12.09
3 6 0.3303  0.245 21000 (1.4) 159  1.24
4 7 1.0263  0.787 n.d.

[l Reaction conditions: npg = 1.27-10"° mol, Vree = 20 ML, Vayrene = 10 mL, [BQY/[Pd] = 5, Pco
=1 atm, T =30 °C, t = 24 h. ™ kg CP/g Pd = kilograms of copolymer per gram of palladium.
[l R.U. = number of repetitive units. ¥ Calculated as mol of copolymer per mol of palladium.

Ih.d.= not determined.

All complexes were found to generate active species for the target reaction and the
polymerisation data are summarised in Table 3.2. The highest productivity value, 2.729 kg
CP/g Pd, was obtained with 5b, being one of the most productive systems in literature.™*®
Ligand nature plays a fundamental role in catalyst productivity: the Ar,BIAN-derivatives, 4b
and 5b, generated much more productive catalysts than the respective Ar,DAB-derivatives,
6b and 7b. Moreover, the 2-naphtyl-derivatives, 5b and 7b, generated catalysts twice as

productive as the 1-naphthyl-derivatives, 4b and 6b.
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The productivity values for the Ar,BIAN systems are in line with literature, ™ whereas the
productivity values for the Ar,DAB systems are ten times higher than the literature systems.
L4151 All catalysts yield copolymers with similar molar mass values (23 000 ca.) and low
polydispersity (Mw/Mn ~ 1.6). These data confirm the single-site nature of the catalysts and
indicate that the higher productivity of 4b and 5b does not affect the chain length of the
macromolecules but only the number of produced chains. This is supported also by the TON
values.

From the formation of inactive palladium metal, it was clear that the Ar,DAB-derivatives
deactivate within 6 h of reaction, while no formation of palladium black was observed for the
Ar,BIAN-derivatives at least within the first 24 hours. Thus, with the latter, the effect of

reaction time was investigated (Figure 3.13; Table 3.3).
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Reaction conditions:; see Table 3.2.

A linear relationship between productivity and time is observed for both complexes 4b and 5b
within 24 h. After this time, there is a deviation from linearity for both complexes, indicating
the deactivation of the catalyst. However, with precatalyst 5b the value of productivity of
3.616 kg CP/g Pd was reached at 48 h of reaction (Figure 3.13, Table 3.3, run 11).

For catalyst with ligand 4, the molar mass of the produced polyketones increases with time
reaching the value of 51000 after 72 h (Table 3.2, run 6). In the case of catalyst with ligand 5,
the increase of the molar mass on prolonguing the reaction time is less pronounced and the
maximum value achieved is 27000 after 48 h (Table 3.2, run 11).

The analysis of the number of repetitive units inserted into the polymer chains and of the
TON values indicates that within 24 h the increase in productivity is related to an increase in
both the polymeric chain length and the number of chains. Afterwards, the increase in

productivity is reflected in an increase of the polymeric chain length for precatalyst 4b, while
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in an increase of the number of chains for precatalyst 5b (Table 3.3). The polidispersity index

values indicate that also at longer reaction time the active species is a single-site catalyst.

Table 3.3. CO/styrene copolymerisation: effect of reaction time.
Precatalyst: [Pd(CHs)(NCCHs)(N-N)][PF].

Run N-N t(h) Yield (g) kg CP/gPd® Mw (Mw/Mn) UR.  TONY
1 4 4 0.2968  0.220 15000 (1.5) 114 1.56
2 4 8 0.5591  0.414 18000 (1.4) 136 2.45
3 4 16 1.0780  0.799 n.d.®

4 4 24 1.6624  1.231 23000 (1.4) 174 5.55
5 4 48 2.8574 2117 38000 (1.7) 287 5.92
6 4 72 3.6275  2.687 51000 (2.1) 385 5.60
7 5 0.8161  0.605 n.d.®

8 5 1.3641  1.010 18000 (1.7) 136 5.97
9 5 16 2.6954  1.997 n.d.®

10 5 24 3.6840  2.729 24000 (1.8) 182 12.09
11 5 48 48814  3.616 27000 (1.9) 204 14.23

[l Reaction conditions: see Table 3.2. ™ kg CP/g Pd = kilograms of copolymer per gram of

palladium. © R.U. = number of repetitive units. ) Calculated as mol of copolymer per mol of

palladium. ¥ n.d.= not determined.
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Figure 3.14. CO/styrene copolymerisation: effect of temperature. Reaction conditions: see

Table 3.2.
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With complexes 4b and 5b, the effect of temperature was
also investigated (Figure 3.14). The productivity values of
both the active species generated by the complexes 4b and
5b do not vary within the range of 303-318 K; whereas, a
further increase in temperature up to 333 K results in a
decrease in productivity along with formation of palladium
black within 4-6 h, as an evidence of the low stability of
these catalysts at this temperature.

Polyketones stereochemistry has been investigated through
13C NMR spectroscopy, analysing the signals of the ipso
carbon atom (Figure 3.15; Table 3.4). Ligand nature has a
remarkable effect on the tacticity of the synthesized
polyketones. In the case of copolymers obtained with the 2-
naphthyl-derivatives 5b and 7b, the **C{*H} NMR spectrum
shows an overall statistical triads distribution, indicating that
atactic copolymers are the product. In the case of the
macromolecules produced with 1-naphthyl-derivatives 4b
and 6b, in the *C{*H} NMR spectrum the signals of the four
triads are still observed, but their intensity is different, being
prevailing the signal of Il triad and very low the signal of uu
triad with respect to the those of the other triads (Table 3.4,
runs 4, 6).
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Figure 3.15. *C{*H} NMR
spectra in CDCI/HFIP 2/1
at 298 K of the polyketones
obtained with: (a) 4b; (b) 5b;
(c) 6b; (d) 7b.

Table 3.4. CO/styrene copolymerisation: effect of ligand nature on polymer tacticity.

Precatalyst: [Pd(CHsz)(NCCHs)(N-N)][PF¢].

Tacticity (triads, %) ™

Run N-N

I lu/ul uu
1 4 40 25 25 10
2 5 21 30 31 18
3 6 43 22 25 10
4 7 22 32 29 17

[l Reaction conditions: see Table 3.2. ™ Calculated from *C{*H} NMR spectra.

This peculiar distribution has two possible explanations: the polymeric materials are either a

mixture of different macromolecules with different

stereochemistry or

the same

macromolecule with blocks of different stereochemistry. The monomodal distribution of the
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GPC analysis indicates that the latter should be the most probable between the two.
Therefore, the products obtained with the 1-naphthyl-derivatives are macromolecules with
isotactic/atactic stereoblocks. The production of isotactic/atactic stereoblock copolymers with
the 1-naphthyl-derivatives is in agreement with the behaviour observed for precatalysts 4b
and 6b in solution: for both of them syn and anti isomers are present, and, at room
temperature, the isomers are in equilibrium at low rate on the NMR time scale. In the syn
conformation the ligand has a Cs symmetry, while in the anti conformation it has a C,
symmetry. The formation of stereoblocks in the CO/styrene copolymerization catalysed by 4b
or 6b is explained by applying to this reaction the principle established by Waymouth for the
propene homopolymerization catalysed by nonstereorigid metallocenes.®? Bearing in mind
that catalysts with ligands of C, symmetry lead to isotactic polyketones, while catalysts with
ligands of Cs symmetry give syndiotactic or atactic copolymers,© for precatalysts 4b and 6b
it might be expected that when the catalyst has the ligand in the anti conformation the
polyketone chain grows with an isotactic stereochemistry, while when the catalyst has the
ligand in the syn conformation the polyketone chain grows with an atactic stereochemistry.
The overall process leads to macromolecules with isotactic/atactic stereoblocks. This
hypothesis might be true provided that the syn/anti interconversion rate constant is lower
than the propagation step rate constant and higher than the termination step rate constant
(Figure 3.16).
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isotactic stereoblock atactic stereoblock

Figure 3.16. syn/anti interconversion for the catalyst generated by 4b. GPC = growing
polymeric chain. ki and k; are constant rates for the interconversion process; ki and Ky, are
the constant rates for the propagation step of the isotactic and atactic stereoblocks,

respectively.

This hypothesis is substantiated by the fact that, when the 2-naphthyl-derivatives 5b and 7b,

featured in solution by either one isomer only or two isomers in fast exchange, are applied as
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precatalysts, polyketones with an atactic microstructure are obtained (Table 3.4).

3.2.4. Ethylene/methyl acrylate copolymerisation.

Complexes 4b-6b were also tested as precatalysts for ethylene/methyl acrylate
cooligomerisation by carrying out the reaction in 2,2,2-trifluoroethanol (TFE) as solvent, at T
= 308 K and Pcons = 2.5 bar, for 24 h. The catalytic product is a yellow-brown oil that was
characterised by 'H and *C NMR spectroscopy. In addition, a small portion of the reaction
mixture, before the workup, was analyzed by GC-MS to determine whether higher alkenes
were also formed. Polymerisation data are summarised in Table 3.5.

The 1-naphthyl-derivatives 4b and 6b generated active catalysts for the target reaction, while
the 2-naphthyl-derivative 5b was found inactive, leading to palladium derivatives. Productivity
values were found to be strongly affected by ligand nature. The productivity value obtained
with the catalyst generated by the Ar,DAB derivative 6b is ten times higher than that obtained
by precatalyst 4b (runs 3 vs. 4, Table 3.5), being the highest productivity among the literature
systems with the value of 201.3 (g P) (g Pd)™. No decomposition to palladium black was
observed with 6b, while it was formed with 4b. On the other hand, the content of the polar
monomer inserted into the catalytic product was higher in the case of precatalyst 4b,
reaching the value of 43.4 mol %, that is the highest value ever reported for the catalytic

systems b aisnaneligands. U

Table 3.5. Ethylene/methyl acrylate copolymerisation: effect of the ligand nature.
Precatalyst: [Pd(CH3)(NCCHz)(N-N)][PF¢]. @

Run N-N Yield (g)  Prod." mol % MA Bd [cd alkenes [
1 4 158.3 71.0 35.2 75.6 c*®
2 5 18.0" - - - c*®
3 4 60.3' 27.0 43.4 42.9 c*®
4 6 449.09 201.3 29.2 90.8 c*®

' Reaction conditions: npy = 2.1 x 10°mol, TFE V =21 mL, T = 308 K, Pcyus = 2.5 bar, MAV
= 1.13 mL, [MA]/[Pd] = 616, t = 24 h. ! |solated yield; productivity as (g P) (g Pd)™* = grams
of product per gram of palladium. ! Calculated by *H NMR spectroscopy; see Appendix 1.
Bd = degree of branching as branches/1000 carbon atoms; C(O)OCH; carbon atoms are
excluded. ! Detected by GC/MS. "Mixture of palladium derivatives, ethylene/MA cooligomers

and higher alkenes. ¥ Reaction time = 6 h.

The inactivity of 5b is in line with what observed with catalysts having meta-substituted

Ar,BIAN ligands*? (see Chapter 4); while the productivity value obtained with precatalyst 4b
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is in line with the values found for catalysts with ortho-substituted Ar,BIAN ligands™*? (see
Chapter 4). In addition, the enhancement of productivity of one order of magnitude due to the
changingof the |igand skeleton from Bl AN to WBAB
'8 Finally, thanks to the lack of palladium black in the reaction mixture, it is possible to state
that the higher productivity of the Ar,DAB-containing catalyst system with respect to Ar,BIAN-
containing species is, at least patrtially, due to the higher stability of the DAB ligands with
respect to the BIAN ones.

The catalytic product was analysed by NMR spectroscopy (Figure 3.17). In the *H NMR
spectra of the oils produced with precatalysts 4b and 6b the following signals are recognised:
the signals at 5.60 7 4.90 ppm due to the vinylic protons, the singlet at 3.60 ppm due to the
methoxy group, the broad signals between 2.50 and 1.50 ppm assigned to allylic protons and
to methylenic groups close to the acrylate units, the broad signal centered at 1.23 ppm due
to the methylenic and methynic moieties of ethylene units and the signals between 1.0 and
0.6 ppm assigned to methyl groups at the end of branches. No signal due to methynic carbon
atoms of acrylate units is observed. No difference between the *H NMR spectra of the two
oils obtained with the two catalysts was evident, indicating that they yield the same catalytic
product, that is a mixture of branched ethylene/methyl acrylate cooligomers with the polar

monomer inserted at the end of branches, in agreement with literature.™

-OCHj oH

p
H3CO(0)Ca o CHa_|
2 cH CHs 3C0O(0) ~2 S 23
< orme ° '
- /-CH
g / -CHp -CHj

F.

b)

SV I A

6 54 52 50 48 46 44 42 40 3.8 3.6 34 32 30 28 26 24 22 20 18 16 14 1.2 10 08
5 (ppm)

Figure 3.17. *"H NMR spectra in CDCl; at 298 K of the catalytic products obtained with: (a)
4b at 24 h; (b) 6b at 6 h.
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3.2.5 Mechanism.
In the two copolymerisation reactions investigated in this chapter, the catalytically active
species is formed through the acetonitrile displacement operated by the monomer.

* —*
/1, ‘\\\\CH3

C
a) Pd Pd' o\ CH3
""" ""'r\l (::(:; }_1:3 (:; P'icg(:: P\J (::;I:{"!’

+

//"Pd“\\\CHz\CHz/CH3

— > v,
+
b)Q‘ \\\\C 3

\ ‘NCCH -CH3CN .

/1,

> Pd
MA Q’ NZEN
O CH,

Scheme 3.2. Precatalyst activation in: (a) CO/styrene copolymerisation (L = NCCH;, CO,
styrene, TFE); (b) ethylene/MA copolymerisation (L = NCCHs, ethylene, MA, TFE).

In CO/styrene copolymerisation the first monomer to coordinate the metal centre is carbon
monoxide, and the ensuing migratory insertion into the Pd-CH; bond generates the Pd-acyl
intermediate (Scheme 3.2a). In ethylene/MA copolymerisation the incoming monomer can be
either ethylene or methyl acrylate, and the ensuing migratory insertion can lead to an alkyl-
derivative or a four-membered palladacycle, respectively (Scheme 3.2b).

The two reactions are different in the propagation step. In CO/styrene copolymerisation the
growth of the polymeric chain involves the alternated insertion of styrene into the Pd-acyl
bond and of CO into the Pd-alkyl bond. In ethylene/MA the insertion reactions of the two
comonomers are not alternated and while consecutive insertions of ethylene take place, no
consecutive insertion of acrylate is observed. In this case, the propagation step is also made
more complex by the presence of chain walking, which consists in a series of migratory
i nsert i dinelimmnatidn reactions, leading the palladium to move along the growing
polymeric chains. This process originates the highly branched system featured by the
polymeric products.

One example of chain walking is the process which from the four-membered metallacycle
leads to the six-membered metallacycle, the catalyst resting state (Scheme 3.3a). This
intermediate must be opened in order for the polymeric chain to grow. Also in CO/styrene
copolymerisation a six-membered palladaclycle is generated by the interaction between the
palladium and the carbonyl oxygen of the growing polymeric chain (Scheme 3.3b). In order

for the latter to grow, the intermediate must be opened by styrene.
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resting state

(a) (b)

Scheme 3.3. The metallacycles in: (a) ethylene/MA copolymerisation; (b) CO/styrene

copolymerisation. GPC = growing polymeric chain.

Another analogy between the two copolymerisation reactions is the termination step, which
consi st sH elimnatian which leads to the free macromolecular product with an
unsaturated terminal group and to a palladium hydride intermediate. The latter can undergo a
new monomer coordination starting a new catalytic cycle or take the decompaosition pathway,
leading to inactive palladium metal. Therefore, it is apparent the importance of the Pd-H
species lifetime and the insertion rate of the monomer on the Pd-H species.

From what explained in the previous paragraphs, it emerges that the key steps of the two
copolymerisation reactions are very similar, the differences residing in the nature of the

comonomers and, therefore, in the accessible energetic pathways.

3.3. Conclusions.

In this part of the research project  f ediintine ligjands have been investigated, two of them
are featured by the 1-naphthyl group bonded to the iminic nitrogen atom, while the other two
have the 2-naphthyl fragment and they differ for the skeleton of the ligand itself, that is
derived from acenaphthenequinone (4,5) or from 1,4-diaza-2,3-butandione (6,7). Their
coordination chemistry to palladium has been investigated by synthesising the related neutral
[PA(CH3)CI(N-N)] 4a-7a and monocationic complexes [Pd(CH3)(NCCHz)(N-N)][PF¢] 4b-7b.
The NMR studies in CD,Cl, solution probe evidence of syn and anti isomers for the 1-
naphthyl-derivatives in equilibrium at slow rate with respect to the NMR time scale at room
temperature. Whereas for the 2-naphthyl-derivatives only one species is observed. For
complex 4a the two isomers were also present in the unit cell of the crystal structure in solid
state.

The monocationic complexes 4b-7b were tested as precatalysts in CO/styrene and
ethylene/methyl acrylate copolymerisation reactions.

All the complexes generated active catalysts for the CO/styrene copolymerisation showing

different catalytic performances depending on the ligand nature: the Ar,BIAN derivatives are
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more productive than the Ar,DAB ones, and the 2-naphthyl-derivatives are more productive
than the 1-naphthyl ones. Ligand nature was found to influence also the copolymer
stereochemistry: catalysts with the 2-naphthyl-derivatives lead to atactic copolymers; while
those with the 1-naphthyl-derivatives lead to a isotactic/atactic block copolymers.

In ethylene/methyl acrylate copolymerisation, only the catalysts with the 1-naphthyl modified
ligands generated active species for the reaction, with the Ar,DAB system yielding a
productivity of one order of magnitude higher than that of the Ar,BIAN system. The catalytic
product is a mixture of ethylene oligomers and ethylene/MA cooligomers. The latter are
highly branched with the polar monomer incorporated at the end of the branches. The MA
content is the highest ever reported for catalytic systems based o n -diithine ligands.

Some clear differences can be spotted between the two series of precatalysts applied to the
two copolymerisation reactions:

e For the CO/styrene copolymerisation, ligands with the BIAN skeleton lead to catalysts
remarkably more stable and more productive than those with the DAB skeleton;

e For the ethylene/methyl acrylate copolymerisation, the trend is the opposite, catalysts
with DAB ligands are more stable and more productive than those with BIANSs;

e For both copolymerisations, catalysts with 2-naphythyl substituents, regardless to the
skeleton of the ligand, show a catalytic behaviour similar to that of catalysts with
meta-s u b s t i tdiintinesd thel show similar productivities in the CO/styrene
copolymerisation™® and are inactive in ethylene/methyl acrylate copolymerisation;™

e For both copolymerisations, catalysts with 1-naphythyl substituents, regardless to the
skeleton of the ligand, show a catalytic behaviour similar to that of catalysts with
ortho-s u b st i t-diimimest in Uthe COf/styrene copolymerization show low
productivity, while are catalytically active in the ethylene/methyl acrylate

copolymerization.

3.4. Experimental.

3.4.1. Materials and methods. All complex manipulations were performed using standard

Schlenk techniques under argon. Anhydrous dichloromethane was obtained by distilling it

over CaH, and under argon; ZnCl, was stored in an oven at 110 °C overnight, prior to use.
[PdCl,(cod)], [Pd(CH3)Cl(cod)], neutral complexes 4a-7a, acetonitrile derivatives 4b-7b®>?°

and [PdCI»(4)]®™ were synthesized according to literature procedures. [Pd(OAc),] was a

donation from Engelhard lItalia and used as received. Et hyl ene (purity O 99.
monoxide (CP grade O 99.9 %), supplied by SI AD,
hydroguinone monomethyl ether) and styrene (99%, with 4-tert-butylcatechol), supplied by

Aldrich, were used as received. Deuterated solvents, Cambridge Isotope Laboratories, Inc.,
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were stored as recommended by CIL. All other reagents and solvents were purchased from
Sigma-Aldrich and used without further purification for synthetic, spectroscopic and catalytic

purposes.

NMR spectra of ligands, complexes and catalytic products were recorded on a Varian 500
spectrometer at the following frequencies: 500 MHz (*H) and 125.68 MHz (**C); the
resonances are reported in ppm (U0) and refere
Si(CHs),: CDClz; at U ') 2@&an@ &C),Th.Clat( U B)32an@d HC,54. 0
CD;NO, at U ). ¥G NMR spectra of polyketones were recorded in 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) with an amount of CDCl; sufficient for locking purposes at

125.68 MHz (CDCIl;/ HFI P ratio = 2/ 1) a MR expefirente wecee d a't
performed employing the automatic software parameters; for NOESY experiments a mixing

time of 500 ms was used, for ROESY experiments variable mixing times between 250 and

500 ms were applied.

Elemental analyses were performed in the analytical laboratories of the University of Udine.

IR spectra of monocationic complexes were recorded in Nujol on a Perkin Elmer System

2000 FT-IR. Gel permeation chromatography (GPC) analysis of polymers (samples prepared

with 2 mg of polyketones in 10 mL CHCI3) were performed on a Knauer HPLC (K-501 pump;

K-2501 UV detector; column: 10* A ID, PLgel5 € m) u s i as glue@ HIG rate = 0.6

mL min™). Statistical calculations for the determination of Mw and Mw/Mn values were
performed on a Bruker Chromstar software. GC/MS analyses of ethylene/methyl acrylate
(co)oligomers were performed with an Agilent GC 7890 instrument using a DB-225ms
column (J&W, 60 m, 0.25 mm | D, 0.25 em film) a
before analysis samples were diluted with methanol and nonane was added as internal

standard.

X-rays analysis. Diffraction data of 4b and 6b were collected at 100(2) K at the XRD1

diffraction beamline of Elettra Synchrotron, Trieste (ltaly), wavelength radiation A = 1.0000 A.

Cell refinement, indexing and scaling of the data sets were carried out using Mosflm B4 and

Scala.4 The structure was solved by direct methods and subsequent Fourier analyses
and refined by the full-matrix least-squares method based on F? with all observed

reflections.® All the calculations were performed using the WinGX System, Ver 1.80.05.

3.4.2. Synthesis of ligands 4-7.
Ligands 4,5 %2022 gnd 6,7 ¥ were prepared according to literature methodologies.

Average yields: 86 % for ligand 5, 50 % for ligands 6,7.

2-naphtBIAN (5). Red-brown solid. Found: C, 84.4; H, 4.6; N, 6.3. Calc. for CsHxNy: C,
88.86; H, 4.66; N, 6.48. '"H NMR (500 MHz, CD,Cl,, 298 K) U0 =%&99D@1H, d, 1H
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H?2°19) 7,917 7.86 (m, 2H, H>#° ) 7.54 1 7.48 (m, 3H, H™*?*2Y) 7,36 (dd, 1H, H™), 7.30
(t, 1H, H%, 6.90 (d, 1H, H®). *C NMR (125.68 MHz, CD,Cl,, 298 K) &i = 129.5 (C*°), 129.0
(C*°19), 127.9 (C®), 127.6 (C* ™ "), 127.5 (C*), 126.5 (C'®), 125.5 (C***?h), 125.0 (C* > ?Y),
123.9 (C%), 119.2 (C"), 113.8 (C").

1-naphtDAB (6). Yellow solid. '"H NMR (500 MHz, CD,Cl,, 298 K) i = 7. 9.0H*{%), 1H
7.83 (d, 1H, H®°"®), 7.68 (d, 1H, H*°" ™), 7.56 1 7.48 (m, 3H, H"'* %), 6.85 (d, 1H, H®*" ),

2.28 (s, 3H, CH3). *C NMR (125.68 MHz, CD,Cl,, 298 K) Ui = 128.2 (C* 1), 126.0 (C'* 13),

124.2 (C*°'1), 123.6 (C®*°), 113.1 (C®°"®), 15.9 (CHy).

2-naphtDAB (7). Yellow solid. *"H NMR (500 MHz, CD,Cl,, 298 K) i = 7 7.81Qm, 3H,
H 148007y 17 49 (t, 1H, H? %), 7.43 (t, 1H, H? " '3), 7.19 (s, 1H, H®), 7.05 (d, 1H, H®°" ),
2.23 (s, 3H, CHy).

3.4.3. Synthesis of palladium complexes.

[Pd(CH3)CI(N-N)] (4a-7a).

General synthesis. To a stirred solution of [Pd(CH3)Cl(cod)] (0.18 mmol) in CH,Cl, (1 mL), a
solution of the ligand (1.1 eq) in CH,CI, (3 mL) was added. After an established amount of
time (1h for 4a-5a synthesis, 2.5-10 h for 6a-7a) at room temperature the reaction mixture
was concentrated and the product precipitated upon addition of diethyl ether. Average yield:
80 %.

[Pd(CH;)CI(4)] (4a).

Crystal data of 4a. C33H»3CIN,Pd.CH,Cl,, M = 674.31, triclinic, space group P:_L (No 2), a =
11.953(3), b=11.929(3),c= 21.528(5) | .B=U0U94.9852%2(5W,== 105
2932.8(11) A%, Z = 4, Dcaled = 1.527 g/cm?®, F(000) = 1360. Final R = 0.0609, wR2 = 0.1737,
S = 1.100 for 725 parameters and 12864 reflections, 7949 unique [R(int) = 0.0557], of which

6372 with | > 2040((1). Ma x opFmapil.007 Vv B31keAdd. negati ve
Found: C, 64.2; H, 4.3; N, 5.2. Calc. for C33H,3N-PdCI: C, 67.25; H, 3.93; N, 4.75.
'H NMR (500 MHz, CD,Cl,, 298 K)tii = 8. 29 ' ®&.071417 (m,6H, H> 8 161619

199, 7.76 i 7.46 (m, 8H, H® 22121 '7 32 (t, 2H, H*), 7.26 (t, 2H, H%), 6.66 (d, 1H, H*,), 6.62
(d, 1H, H3), 6.31 (d, 1H, H'°,), 6.27 (d, 1H, H*), 0.60 (s, 6H, Pd-CH,).

[Pd(CH3)CI(5)] (5a).

Found: C, 64.5; H, 3.8; N, 5.1. Calc. for C53H3sN.PdCI: C, 67.25; H, 3.93; N, 4.75. *H NMR

(500 MHz, CD,Cl, 298 K) i = 8. 15 5 8, 82@ H7.94 fin, 7H, H*>* & Ar-H), 7.87
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(2s, 1H, H®), 7.76 (2s, 1H, H'®), 7.65 1 7.55 (m, 5H, Ar-H), 7.46 i 7.39 (m, 2H, H*+ '®)°r 16°
7.33 (t, 1H, H%), 7.17 (d, 1H, H%), 6.57 (d, 1H, H'9), 0.75 (s, 3H, Pd-CHy).

13C (125.68 MHz, CD,Cl,, 298 K) 1 = 133.0 (C*), 131.4 (C>®), 130.5 (C* " *°), 129.4 (C™),

128.9 (C%), 129.0 (C%), 128.4 (C™), 127.4 (C"), 125.6 (C'9), 125.3 (C%), 121.4 (C™), 121.1

(C™), 120.9 (C™), 119.6 (C*), 119.5 (C*)?

[Pd(CH3)CI(6)] (6a).

Crystal data of 6a. CysH23CIN,Pd.CH,Cl,, M = 578.23, monoclinic, space group P ¢ (No. 7), a
= 13.3400(10), b = 7.1600(9) c = 12.7000( 13) jV=12032028%222(2) A,
Dcalcd = 1.596 g/cm®, F(000) = 584. Final R = 0.0553, wR2 = 0.1566, S = 1.126 for 293
parameters and 16156 reflections, 2930 unique [R(int) = 0.0410], of which 2738 with | >
20(1). Max positivepFmapd.295603TéA’e peaks in
'H NMR (500 MHz, CD,Cl,, 298 K) i = B7.92 @n, 4H, H* % ?2%) 7,89 (d, 1H, H® "¢,
7.84 (d, 1H, H'*®°%) 7.721 7.56 (m, 6H, H'> 120202121y "7 50§ 7.08 (m, 2H, H* %), 2.12
(2s, 3H, CH3%), 2.04 (2s, 3H, CHs5%), 0.24 (2s, 3H, Pd-CHs). *C (125.68 MHz, CD,Cl,, 298 K)
U = 1285 -1283 (C'° '8°C?? p2f272 (C'° °N, 1567 (Cc*'® °", 1570 i 125.2
(Cts: 18020y 20> 74 3351 (9 o°C?? P 2P17.7 -116.8 (C1* ) *20.7 (CH5Y), 19.6
(CH3.

[PA(CH3)CI(7)] (7a)

'H NMR (500 MHz, CD,Cl,, 298 K) i = 8. 0 1 ®)( 196 (d,11H, H*)}7.95i 7.89 (m,
4H, H' 192222y 7 62 1 7.49 (m, 4H, H?® 22121 7 47 (2s, 1H, H¥), 7.43 (2s, 1H, H™), 7.25
(dd, 1H, H™), 7.16 (dd, 1H, H™), 2.24 (s, 3H, CH3"), 2.13 (s, 3H, CH3"), 0.47 (s, 3H, Pd-CH).
3C NMR (125.68 MHz; CD,Cl,) U = 129.6 (C'®), 128.5 (C*9°127.8 (C*° 1°9),%127°# %
126.4 (C*° 2°9), 351 B1(C"), 120.5 (C* 32119.1 (C*), 118.7 (C* )°20.9 (CH5?), 19.6 (CH3).

[Pd(CH3)(NCCH3)(Ar,BIAN)][PFg] (4b,5b).
General synthesis. To a stirred solution of [Pd(CHs3)CI(Ar.BIAN)] (Ar.BIAN = 4,5) (0.15
mmol) in CH,CI, (2 mL), a solution of AgPFs (1.1 eq) in acetonitrile (2 mL) was added. The
reaction mixture was protected from |Iight and
time, the reaction mixture was filtrated over Celite®, concentrated and diethyl ether was
added till a precipitate was formed. The mixture was then left 3 h at 4 °C. Afterwards, the
solution was filtered over Celite® to dispose of the dark byproduct precipitated, and diethyl

ether was added till precipitation of a ruby red solid occured. Average yield: 65 %.

[Pd(CH;)(NCCH;)(4)][PFe] (4b)
Found: C, 53.3; H, 3.5; N, 5.9. Calc. for C3;HxsNsPdPFe: C, 56.81; H, 3.54; N, 5.68. ‘H NMR
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(500 MHz, CD,Cl,, 298 K) i = 8. 4 2 ™(8R20i 808 (m, M, H>? 14 16161919 "7 79
i 7.60 (m, 7H, H'*1%:20.20. 2L 21,22y '7 54§ 7 46 (m, 2H, H*" %), 7.35 (t, 1H, H®), 7.19 (2d, 1H,
H%), 6.32 (2d, 1H, H™), 1.50 (2s, 3H, Pd-NCCHs), 0.67 (2s, 3H, Pd-CHs). IR (Nujol mull): 3max
= 844.08 cm™ (PFy).

[Pd(CH3)(NCCH)(5)][PFe] (5b)

Found: C, 53.4; H, 3.2; N, 5.5. Calc. for C;H,sNsPdPFg: C, 56.81; H, 3.54; N, 5.68.

'H NMR (500 MHz, CD,Cl,, 298 K) i = B 8.122m, 4H, H>% % 1) 8107 7.95 (m, 4H,
H' 1922222y 7 91 (s, 1H, H™), 7.75 (s, 1H, H™), 7.71 1 7.63 (m, 4H, H?® %°-2221) 7 59 (dd,
1H, H™), 7.52 (t, 1H, H%), 7.44 i 7.34 (m, 3H, H* % ?3), 6.58 (d, 1H, H'), 1.95 (s, 3H, Pd-
NCCHs), 0.85 (s, 3H, Pd-CH;). *C NMR (125.68 MHz, CD,Cl,, 298 K) U = 132.8 (C*®')6°
130.9 (C*%), 129.1 (C%), 129.2 (C*), 128.5 (C*° 1 9°),227%F{C?°  2°9%),427% (C"), 125.9
(C%), 120.2 (C™), 120.1 (C*H°119.6 (C*I?119.1 (C™). IR (Nujol mull): 3ya = 844.08 cm™
(PFe).

[Pd(CH3)(NCCHj3)(Ar,DAB)][PF¢] (6b,7b).

General synthesis. To a stirred solution of [Pd(CH3)CI(Ar,.DAB)] (Ar,.DAB = 6,7) (0.15
mmol) in CH,CI, (5 mL), a solution of AgPF¢ (1.15 eq) in acetonitrile (2 mL) was added. The
reaction mixture was protected from light and stirred at roomtemp er at ur e f or 4506.
time, the reaction mixture was filtered over Celite®, concentrated and the product was

precipitated from diethyl ether. Average yield: 73 %.

[Pd(CH3)(NCCHz)(6)][PFe] (6b).

'H NMR (500 MHz, CD,Cl,, 298 K)i = 8. 15 9),8.686,i 7.97Hm, 2H{ H** ), 7.95
7.87 (m, 3H, H®" %2 7.807 7.60 (m, 6H, H' 1520202121 "7 99 (¢, 1H, H'), 7.23 (t, 1H,
H'), 2.39 (2s, 3H, CH3Y), 2.25 (s, 3H, CH3%), 1.36 (s, 3H, Pd-NCCH,), 0.26 (2s, 3H, Pd-CHs).
3C NMR (125.68 MHz, CD,Cl,, 298 K) Ui = 128.5 (C*®' ) ©128.1 -128.0 (C??' ),*£27.2 i
125.3 (C* 5 120 20y 208 2 tc®Y 921 8 (C'92118.2 (C*4°117.0 (C*), 21.2 (CH5%), 19.6
(CH3". IR (Nujol mull): 3pax = 844.08 cm™(PFy).

[PA(CH3)(NCCHz)(7)][PFe] (7b).

'H NMR (500 MHz, CD,Cl,, 298 K) i = B 8.0D &d, 2H, H'® %), 7.997 7.90 (m, 4H, H*®
19.22.22 7 65 1 7.54 (m, 5H, H?® 20: 2421213y 7 45 (d, 1H, H*®), 7.30 (2d, 1H, H'®), 7.15 (dd,
1H, H™), 2.39 (s, 3H, CHs%), 2.30 (s, 3H CH3%), 1.72 (s, 3H, Pd-NCCHj5), 0.51 (s, 3H, Pd-
CHj3). *C (125.68 MHz, CD,Cl,, 298 K) &l = 130.4 i 130.2 (C*° ) ®28.3 (C*°  199),3%27% °
(C?° 290y 230.41€*32120.3 (C*), 119.4 (C* 3°119.0 (C™), 21.8 (CH5?), 20.0 (CH5b).

IR (Nujol mull): 3max = 844.08 cm™ (PFg).
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3.4.4. CO/styrene copolymerisation.

All experiments were carried out at atmospheric CO pressure in a three-necked,
thermostated, 75 mL glass reactor equipped with a magnetic stirrer and connected to a
temperature controller. After establishment of the reaction temperature, the precatalyst, 1,4-
benzochinone, styrene, and TFE were placed inside. CO was bubbled through the solution
for 10 min; afterward a 4 L balloon previously filled with CO was connected to the reactor.
The system was stirred at the same temperature for 24 h remaining as a yellow solution. The
reaction mixture was then poured into methanol (100 mL) and stirred for 1.5 h at room
temperature. The solid was filtered off, washed with methanol, dried at constant weight and
analysed by NMR spectroscopy. For GPC analyses, the polyketones were recrystallised
dissolving 100 mg of copolymer in 50 mL of CHClI:. The solution was stir
through Celite®, concentrated. The precipitated polyketone was filtered, washed with ethanol

and dried at constant weight.

3.4.5. Ethylene/methyl acrylate copolymerisation.

Al l catalytic experiments were carried out i n
interchangeable 50 mL glass vessel. The vessel was loaded with the desired complex (21
emol ), TFE (21 mL) and met hyl acrylate (1.13 m
oil bath, connected to the ethylene tank and pressurized. The reaction mixture was stirred at

constant temperature and pressure. After the proper time, the reactor was cooled to room
temperature and vented. An aliquot (200 ¢L) o]
diluted in CH3OH (1 mL) for GC-MS analyses. The reaction mixture was poured in a 50 mL

round flask, together with the dichloromethane (3 x 2 mL) used to wash the glass vessel. No

separation of Pd black was performed. Volatiles were removed under reduced pressure at 65

°C for 2 h. The residual oil was dried at constant weight and analyzed by NMR spectroscopy.
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CHAPTER 4

Pd-catalysed ethylene/methyl acrylate cooligomerisation:

effect of a nesdimmensymmetric

P R
T 4 ]
C(0)OCH, CT yH 350 .
( CHZ)X (CQJW 300 4
\CHZB CHs g 2
/(x = d
c:H2 %’ 200
\C(O)OCH3 n 150 4 o " o
100 *
L =CHyCN il ol *
cat = [Pd(CHg)(L)(Ar-BIAN)|[PF¢] 0 : : : : : ,
L= deo o 10 20 30 40 50 60
Time (h)
Overview. Anewnonsymmetric bis(aryl i mi no-BIAN), deatargdht hen

by a subtle steric and electronic unbalance of the N-donor atoms, is reported. With the new
ligand and the corresponding symmetrically substituted derivatives both neutral and
monocationic Pd-CH; compounds have been synthesized and characterized. In addition, the
series of the monocationic complexes [Pd(CH3)(L)(Ar-BIAN)][PFe¢] (L = CH3;CN, dmso) has
been now extended to dimethyl sulfoxide derivatives. The monocationic complexes were
tested as precatalysts for the ethylene/methyl acrylate cooligomerization under mild
conditions of temperature and ethylene pressure. The catalytic product is a mixture of
ethylene/acrylate cooligomers and higher alkenes. The catalysts containing the new
nonsymmetric ligand are found to be more productive than those with the symmetric
Ar,BIANs. The Pd-dmso catalysts are more productive and show a longer lifetime than their
Pd-NCCHjs; counterparts.

Part of this chapter has been reported in the publication:
Angelo Meduri, Tiziano Montini, Fabio Ragaini, Paolo Fornasiero, Ennio Zangrando, Barbara
Milani ChemCatChem, published online DOI: 10.1002/cctc.201200520.



4.1. Introduction.

As mentioned in the previous chapter (Chapter 3), a series of U-diimine ligands featured by
the acenaphthene skeleton and the aryl rings substituted in meta position ("Ar-BIAN) was
recently reported.” The corresponding Pd complexes [Pd(CH3s)(NCCH3)("Ar-BIAN)][PF]
generate efficient catalysts for the CO/vinyl arene copolymerization leading to polyketones
with an atactic microstructure. In particular, the precatalysts with the nonsymmetrically
substituted ™Ar-BIAN were found to be more productive than those with the related
symmetrically substituted ligands, thus suggesting that the unbalance of the electronic
properties of the ligand has a positive effect on the catalyst performances. On the basis of
these considerations and with the aim of creating both a steric and an electronic unbalance
of the two N-donors, the series of nonsymmetric Ar-BIANs has been now extended to a new
compound featuring an aryl ring substituted with an electron-withdrawing group on meta
positions and the other ring having an electron-releasing group on ortho positions (8, Figure
4.1).

5 8 5 8 5 8

3 10 3 10 3 3 10
CF‘?’. 18 . ///, 17' 17 R\ . /s, 17 R //’ 18 /\ 18 \\RS
/ N\ P N / N\ .
CFz¢ 15' 15 15 R’ 14 14 R!
8
9 10 R'=R3=CH,3, R?>=H

11 R'=R®=CF;, R*=H
12 R'=R?=R%=0CHj

Figure 4.1. The studied U-diimines, 8i 12, and their numbering scheme.

With ligand 8 and the corresponding symmetrically substituted derivatives 9 and 11 two
series of monocationic palladium compounds were synthesized [Pd(CH3)(L)(Ar-BIAN)][PFe]
(L = CH3CN, dmso; dmso = dimethyl sulfoxide). In particular, while the complexes with
dimethyl sulfoxide have been deeply investigated with P-O ligands, (see Chapter 1 and
references therein) this paper represents the first report in which Pd-dmso complexes are
employed in conjunction with U-diimine ligands.

The catalytic behaviour of these complexes in ethylene/methyl acrylate cooligomerisation
has been investigated in detail along with mechanistic studies.

The importance of having a nonsymmetric ligand on palladium for this catalysis has been
highlighted by the catalytic behaviour of Pd complexes with the P-O ligand.®* Here it is of
interest to evaluate if a subtle differentiation of the two donor atoms might result in

remarkable effects on the catalytic performances.
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4.2. Results and Discussion.
4.2.1. Synthesis and Characterisation of ligand 8.

Ligand 8, (2,6-dimethylphenyl),(3,5-bis(trifluoromethyl)phenyl)diiminoacenaphthene, was
synthesised following a slightly modified procedure with respect to that previously reported
for the nonsymmetrically substituted ™Ar-BIANs.™* In the transimination reaction the zinc-
chlorido derivative coordinated with ligand 11 was reacted with 2,6-dimethyl aniline (Scheme
4.1) at room temperature for several days. The oil obtained after zinc-decoordination
contained ligand 8 together with the unreacted aniline and the 3,5-bis(trifluoromethyl) aniline.

O‘O NazC204(aq) OO

, ) \N CFs  CH,oH,RT F3C’ _OHCL FsC, g
fal Q o N
F.C \_ / -2NaCl FsC

-ZnC,0

a E| c CI 24
11-ZnCl, 8-ZnCl, 8

Scheme 4.1. Synthesis of ligand 8.

Ligand 8 was isolated in good yield (up to 45%) from the crude reaction mixture by column
chromatography. As an alternative methodology, the crude oil can be directly reacted with
[PA(CH3)Cl(cod)] (cod = 1,5-cyclooctadiene) leading to pure [Pd(CH3)CI(8)], 8a.

From a general point of view, the synthesis of nonsymmetrically substituted Ar-BIANs is not
so trivial. Indeed, several attempts to synthesize the sterically more encumbered
nonsymmetric ligand (2,6-di-iso-propyl-phenyl),(3,5-bis(trifluoromethyl)phenyl)diimino-
acenaphthene by either a transimination reaction or in two steps failed. In general, mixtures
of products were obtained from which only the symmetric Ar,BIAN ligand with four isopropyl
groups could be isolated in a pure form.

Ligand 8 was characterised both in solid state (Figure 4.2) and solution (Figure 4.3). For Ar-
BIAN ligands (E,E) and (E,Z) isomers are possible depending on the relative configuration of
the aryl rings with respect to C=N imine bonds®™ (see Chapter 3). Usually, for Ar,BIAN
ligands, the (E,E) isomer is preferentially observed in the solid state % with few exceptions
like the ligands featured by biphenyl or naphthyl substituents showing the (E,Z) isomer as the

only molecule present in the unit cell ™** (see also Chapter 3).

Suitable crystals for X-ray analysis of 8 were obtained by slow diffusion of hexane into a

dichloromethane solution at 4 °C (Figure 4.2).
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Figure 4.2. ORTEP drawing (30% probability ellipsoids) of ligand 8 (of the disordered F1-3
group only those at higher occupancy are shown).
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Ligand 8 exhibits a (E,Z) isomeric preference over the (E,E) pattern adopted on coordination.
The different nature and position of substituents at imino units does not lead to important
differences in bond lengths involving the imino nitrogens [N(1)-C(14) = 1.414(3), N(2)-C(20)
= 1.426(3), N(1)-C(2) = 1.275(3), N(2)-C(3) = 1.277(3) A], and these values are maintained
within their esdds al so 8apThendihedmloangtes betveen tha
phenyl ring planes and the acenaphthene plane are 74.22(7)° (for the (2)-3,5-

bis(trifluoromethyl)phenyl ring) and 84.53(7)° (for the (E)-2,6-dimethylphenyl ring).
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The *H NMR spectrum, at room temperature, of a dichloromethane solution of 8 shows the
signals of both (E,E) and (E,Z) isomers in equimolar ratio; the composition of the isomeric
mixture varies with solvent, being 2 : 1 = (E,E) : (E,Z) in CDClI; solution. The two isomers are
in equilibrium with slow rate on the NMR timescale, as usually observed for these

molecules.®®

4.2.2. Synthesis and Characterisation of Pd-complexes.
Ligand 8 was reacted with [Pd(CH3)Cl(cod)] yielding the corresponding neutral complex 8a
(as in Scheme 3.1 of Chapter 3; Figure 4.4).

<{:l//,,,Pd.\\\CH3 N//:,,Pdn\\C'_er[PFB]-
“ N 7~ ™
8a:N-N=8 L = CH4CN L = dmso
9a: N-N =9 8b:N-N=8 8c:N-N=8
10a: N-N =10 9b:N-N=9 9¢c:N-N=9
11a: N-N = 11 10b: N-N =10
12a: N-N =12 11b: N-N =11 11¢c: N-N =11
12b: N-N = 12

5 8 0/+ 8 0/+

FiC, 1 . 4, AT FsC, s 4, AT Ruz 18 18 7R
70 : 16 ) 16 1@ ) 16'

/ d\ F3C / N\ 7N

Y CH, Ho Y Y CH,

trans cis Y = Cl, NCCH3, dmso

Figure 4.4. Neutral and monocationic complexes 8a-12a, 8b-12b, 8c, 9c and 11c, with the

corresponding numbering scheme.

The 'H NMR spectrum in CD,Cl, solution (Figure 4.5) evidences the presence of almost
exclusively one species that, by a NOESY experiment, has been identified as the isomer with
the Pd-CHz; moiety trans to the Pd-N bond of the meta-substituted ring. For the sake of clarity
this species is designated as the trans isomer (Figure 4.4). Traces of the cis isomer are
observed. This is in agreement with the stronger trans influence of the methyl group with
respect to chlorido and the weaker coordinating strength of the nitrogen atom bearing the
trifluoromethyl substituted aryl group with respect to that containing the methyl groups. The
two isomers are in equilibrium as demonstrated by both NOESY and ROESY experiments
(Figure 4.6).
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Figure 4.5. *H NMR spectra in CD,Cl, at 298 K of: (a) 9a; (b) 8a; (c) 11a. & :CHJRignal.

In agreement with the NMR data of analogous Pd-(Ar.BIAN) complexes,*¥ due to
coordination to palladium the signals of H® and H' are shifted in opposite direction with
respect to the same signals in the free ligand, being the doublet of H® at higher frequency
than that of H'°. This shift is due to its position cis to the chlorido ligand. **>*! The singlet of
the Pd-CH; is remarkably sensible to the nature of the Ar-BIAN coordinated to the metal
centre: in complex 11la it resonates at 0.78 ppm, in 8a at 0.72 ppm and in 9a at 0.61 ppm,

moving to shielding direction on increasing the electron density on the N-donors and
therefore on palladium (Figure 4.5).
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Figure 4.6. 'H-'H ROESY of 8a in CD,Cl, at 298 K.
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Suitable crystals for complex 8a were obtained by a crystallisation procedure based on slow
diffusion of hexane to into a chloroform solution of the complex at 4 °C. The crystal structures
of the neutral complexes 9a'*”! and 11a™® with the corresponding symmetric ligands, 9 and
11, have been already reported, thus allowing a comparison of their relevant structural

features with those of 8a.

The structural analysis of 8a evidences the presence in the unit cell of the trans isomer, only
(Figure 4.7), where the palladium ion attains a distorted square planar geometry with a
relatively small bite angle (N1-Pd-N2 of 78.67(15)°). In agreement with the trans influence of
the Pd-CH; fragment, for all the three complexes 8a, 9a and 1la the Pd-N bond distance
trans to it is longer than the other Pd-N bond. Within the standard deviation, the Pd-N1 bond
lengths in 8a and 9a are similar (2.201(4) and 2.203(5) A, respectively) and shorter than that
in 11a (2.227(4) A), suggesting the lower coordinating capability of 11, in agreement with the
presence of electron-withdrawing groups on both the aryl rings. The Pd-N2 values in the
three complexes fall in the range 2.052(3) i 2.088(6) A.
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Figure 4.7. ORTEP representation (thermal ellipsoids at 40% probability level) of complex
1a-2CHCI;. Of the disordered F1-3 group only fluorines at higher occupancy are shown.
Selected bond lengths (A) and angles (deg): Pd-C(1) 2.010(5), Pd-CI(1) 2.2991(14), Pd-N(1)
2.201(4), Pd-N(2) 2.063(4), N(1)-Pd-N(2) 78.67(15), C(1)-Pd-CI(1) 89.37(18), C(1)-Pd-N(1)
172.4(2), C(1)-Pd-N(2) 94.0(2), CI(1)-Pd-N(1) 98.05(11), CI(1)-Pd-N(2) 175.28(11).

The orientation of the substituted phenyl rings in the three complexes is worth noting. Indeed,
the dihedral angles formed by the 3,5-bis(trifluoromethyl)phenyl with the BIAN mean plane
on the chlorido side are 64.5(1)° in 8a and 53.3(1)° in 11a, while the corresponding values for
the phenyl cis to the Pd-CH; fragment are 80.1(1) and 78.3(2)°, respectively, indicating a
greater conformational freedom in the former case, as a result of a smaller bulk for the
chlorido compared to methyl. On the other hand, in 9a the measured dihedral angles for the
two 2,6-dimethyl-phenyl rings are very similar, 76.1(2) and 80.1(2)°, thus confirming that the
substituents in ortho positions of both aryl rings hinder a tilt beyond a certain limit to avoid
steric clashes.

The monocationic complex with acetonitrile, 8b, was obtained by following the well known
procedure (Scheme 3.1).™ The synthesis of the dimethyl sulfoxide derivatives, 8c, 9c, and
11c, was achieved by a slight modification of the methodology applied for the acetonitrile
complexes (Scheme 3.1; see 4.3. Experimental). Both series of complexes were
characterised by *H and **C NMR spectroscopy by dissolving them in CD,Cl..

The 'H NMR spectrum of 8b shows, at room temperature, sharp signals (Figure 4.8), as
usually observed for Pd-acetonitrile derivatives with Ar-BIAN ligands;™ the number of signals
and their integration indicate the prevalence of the trans isomer with trans/cis ratio being

10/1, while for complex 8a it is 19/1.
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Figure 4.8. 'H NMR spectra in CD,Cl, at 298 K of: (a) 9b; (b) 8b; (c) 11b. 0 :CHsP*d
Pd-NCCHjs;  cis-8b signals.

For the dimethyl sulfoxide derivatives different NMR spectra are obtained depending on the
nature of the Ar,BIAN ligand. In the *"H NMR spectrum of 9c sharp signals are present at
room temperature (Figure 4.9a). The chemical shift of the singlet of the methyl groups of
dmso (at 2.89 ppm) suggests its coordination through the sulfur atom; other relevant signals
are the two singlets at 2.34 and 2.29 ppm due to the methyl groups on the aryl rings and the
singlet at 0.83 ppm assigned to the Pd-CH; fragment. For complexes 8c and 11c broad
signals are observed at room temperature and they become sharper by decreasing the
temperature. In the case of 11c the decoalescence of signals due to methylic protons was
reached at 223 K evidencing the presence of two species in solution that differ in the
coordination of dmso: the singlet at 3.04 ppm is due to S-bonded dmso, that at 2.71 ppm to
O-bonded dmso (Figures 4.9¢). Two singlets are also observed for the Pd-CH; group, at 0.48
and 0.67 ppm. The two species are in ratio 3/2, being the isomer with S-bonded dmso the
major species.

For complex 8c at the decoalescence temperature (233 K, Figures 4.9b) the signals probe
the evidence of three species in solution: one major and two minor species in the ratio of
13/3/2.
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Figure 4.9. 'H NMR spectra in CD,Cl, of: (a) 9c at T = 298 K; (b) 8c at T = 233 K; (c) 11c
at T=223K.

In the NOESY spectrum of 8c, recorded at 233 K, cross peaks due to both exchange
processes and Overhauser Effect are observed (Figure 4.10). In particular, for the major
species the cross peak between the signal of the methyl group bonded to Pd (at 0.51 ppm)
and the singlet of the methyl groups on the aryl ring of the ligand (at 2.24 ppm) indicates that
this species is the trans isomer. The signal of the methyl groups of dmso at 3.07 ppm is
indicative of dmso bonded to Pd through sulfur. Thus, the major species is featured by S-
bonded dmso and the Pd-CH; fragment trans to the Pd-N bond of the aryl ring substituted
with the CF; groups (compound iin Scheme 4.2).

The characterisation of the two minor species was achieved by comparison with the spectra
of 9¢c and 11c (Figure 4.9). In particular, the signals of 8c at 2.88 ppm (CHs of dmso) and
2.29 ppm (aryl CH3) have similar chemical shifts to those of 9¢ and therefore are assigned to
the species having the Pd-CH; group trans to the CHs-substituted ring (cis isomer) and S-
bonded dmso (species iii in Scheme 4.2). The remaining singlets at 2.86 ppm (CH; of dmso)
and 2.20 ppm (aryl CHy) are attributed to the trans isomer with O-bonded dmso (species ii in
Scheme 4.2). These attributions are unambiguously confirmed by *H-**C HSQC experiments
(Figure 4.11). Indeed, it is known from the literature that, compared to free dmso, the carbon

atoms resonate at higher frequency if coordinated to a transition metal through sulfur, and at
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lower frequency if bonded via oxygen.?® In the *H-**C HSQC spectrum of 8c both the major
and one of the two minor species have the cross peak of dmso at higher frequency than that
of free dmso, while for the other minor isomer the dmso cross peak falls at lower frequency,
thus confirming the previous assignments.

In addition, the singlets due to the Pd-CH; groups in the three isomers were assigned on the
basis of the comparison of their **C chemical shift with that of the related complexes 9c¢ and

11c with the symmetric Ar,BIANS.
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Figure 4.10. NOESY spectrum in CD,Cl, of 8c at T = 233 K, aliphatic region.
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Scheme 4.2. Schematic representation of the four possible isomers for complex 8c.
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Finally, as demonstrated by the exchange peaks in the NOESY spectrum, the three isomers
of 8c are in equilibrium and at room temperature the rate of this exchange process is
comparable to the NMR time scale. In the *H NMR spectrum of 8c recorded in dmso-ds sharp
signals are present already at 298 K and indicate the presence of one species only (Figure
4.12). The chemical shift of the Pd-CHj; signal indicates that this species is compound i
(Scheme 4.2). This experiment indicates that the dynamic process that exchanges species i,

ii and iii occurs through an associative mechanism.
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Figure 4.12. 'H NMR spectrum in dmso-ds of 8c at T = 298 K.

The different coordination mode of dmso was also confirmed in the solid state by the
stretching frequency of the SO bond in the IR spectra: one band typical of S-bonded dmso is
observed in the IR spectrum of 9¢, while two bands at the values of S- and O-bonded dmso,
respectively, are present in the IR spectra of 8c and 11c.

As a conclusion, for complex 8c only three out of the four possible isomers are observed
(Scheme 4.2). By simple considerations about coordination chemistry, the major isomer
(species i in Scheme 4.2) should be the most stable: dmso is bonded via sulfur (soft base) to
Pd(Il) (soft acid); the Pd-CHs bond is trans to the Pd-N bond of nitrogen atom with lower
Lewis basicity. On the contrary, isomer iv (Scheme 4.2), having dmso bonded via oxygen

(hard base) to Pd(ll) (soft acid) and the coordinated methyl competing with the trans located
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N-donor of higher Lewis basicity, should be the least stable and was not detected. The other
two species, ii and iii, should lie in between i and iv in terms of stability.

The observation that the trans isomer is the prevailing species in all the cases is in
agreement with the literature data, which indicate a preferential tendency for the methyl
group to be coordinated trans to the lower basic N atom in Pd-methyl complexes of
electronically unequivalent N-donors.™ %24 The opposite situation is observed for Pd

complexes where steric requirements overcome the electronically driven coordination. !

4.2.3.Ethylene/methyl acrylate cooligomerisation.

Complexes 8b-12b, 8c, 9c and 11c were tested as precatalysts for ethylene/methyl acrylate
cooligomerization by carrying out the reaction in 2,2,2-trifluoroethanol (TFE) as solvent, at T
= 308 K and Pcyns = 2.5 bar, for 24 h (Scheme 4.3). The catalytic product is a yellow-red oll
that was characterized by *H and **C NMR spectroscopy. In addition, a small portion of the
reaction mixture, before the workup, was analysed by GC-MS to determine whether higher
alkenes were also formed.

CH
cat CH/(' 29\

CH
T e
(CHa)y (CQZ)W

CHf CHs

—_— 4+ —
'C(0)OCH;

CHy'
\
C(0)OCH; n

Scheme 4.3. The ethylene/methyl acrylate cooligomerization.

Precatalysts 10b-12b with symmetrically substituted ™Ar,BIANs coordinated to palladium
were found practically inactive vyielding an oil that contains palladium derivatives,
ethylene/MA cooligomers and higher alkenes (Table 4.1, runs 1-3). This inactivity is related
to the fast decomposition of the catalyst to inactive palladium metal that formed within the
first four hours of reaction. On the contrary, precatalyst 8b with the nonsymmetric ligand 8
was found more productive than 9b, that is considered as the reference compound having
the symmetric Ar,BIAN substituted on the ortho positions; the obtained catalytic product
contains a slightly higher amount of polar monomer (Table 4.1, runs 4, 5). An increase in the
productivity was achieved by using the Pd-dmso derivatives, being on average the
productivity of 8b and 8c twice higher than that of 9b and 9c, respectively (Table 4.1, runs 4-
8). A slight decrease in the content of the polar monomer incorporated into the catalytic
product was found using the Pd-dmso derivatives in place of the Pd-acetonitrile compounds.

However, in at least some cases this decrease may be simply due to the higher MA
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conversion in the reaction of the former catalysts with respect to the latter, as discussed in
more detail later.

Table 4.1. Ethylene/methyl acrylate cooligomerisation: effect of the Ar-BIAN ligand.®
Precatalyst: [Pd(CH3)(L)(Ar-BIAN)][PFg]

Run Precat. L Yield (mg)  Prod." mol % MAF  Bd“Y  alkenes
1 10b CHCN 56.7° c*®
2 11b CH;CN 37.1° c*®
3 12b CH;CN 19.3° c*®
4 9b CH3CN 171.4 79.4 10.4 101 -

5 8b CHsCN 297.0 133.2 14.7 137 c*te
6 9c dmso 221.8 99.5 6.6 117 -

7 11c dmso 55.0° c*®
8 8¢ dmso 520.8 233.5 125 146 c*te
o 9b+ CHsCN 73.6 33.0 8.1 119 -

11b

[a] Reaction conditions: npg = 2.1 X 10°mol, TFE V =21 mL, T = 308 K, Pcons = 2.5 bar, MA
V = 1.13 mL, [MA]/[Pd] = 616, t = 24 h. [b] Isolated yield; productivity as (g P) (g Pd)™* =
grams of product per gram of palladium. [c] Calculated by *H NMR spectroscopy (see
Appendix 1). [d] Bd = degree of branching as branches/1000 carbon atoms; C(O)OCH;
carbon atoms are excluded. [e] Mixture of palladium derivatives, ethylene/MA cooligomers

and higher alkenes. [f] N, = N4y = 1.05 x 10™° mol.

I n agreement with PB¥wherkpheaatalysts®b ang I twerenapplied, no
higher alkenes were formed, while in all the other cases butenes and hexenes were also
obtained and for complexes 8b and 8c the produced alkenes ranged from C4 to C12 with
traces of C14 and C16 (Table 4.1, Appendix 2). The formed alkenes are a complex mixture
of isomers, as the result of the chain walking mechanism. ® The observed chain length
distribution, expressed in terms of molar fraction of each alkene, can be reasonably fitted by
the Poisson distribution (see Appendix 2). The product with the higher concentration is, using

8b and 8c precatalysts, C6, while the higher weight fraction is represented by C8.
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The observed formation of higher alkenes with the symmetrically substituted "Ar,BIANSs is
due to the lack of steric hindrance on the ortho positions of the aryl rings that does not avoid
the U-hydrogen elimination.®®?)! |n the case of catalysts with ligand 8 having one aryl ring
substituted on both ortho positions and the other ring substituted on both meta positions, U-
hydrogen elimination is slightly slowed down and longer alkenes were produced. These data
highlight the subtle role played by the position of the substituents on the ancillary ligand in
regulating the length of the synthesized macromolecules.

As far as the effect of the nature of the Ar-BIAN ligand on the productivity is concerned, in
agreement with the data reported for the COl/vinyl arene copolymerization,'” even for the
currently investigated reaction, the catalyst having the nonsymmetric ligand bonded to the
metal centre is more productive than those with the corresponding symmetric Ar,BIANs for
both the Pd-NCCH; and Pd-dmso derivatives (Table 4.1, 8b vs 9b and 11b, 8c vs 9c and
11c).

A catalytic experiment was performed by using a 1:1 mixture of precatalysts 9b and 11b
yielding a productivity much lower than that obtained with 8b, indicating that no scrambling
process occurs during catalysis with the latter (Table 4.1, run 9). The value of productivity,
acrylate content and the lack of higher alkenes in the product indicate that the active species
is originated by 9b.

By applying precatalysts with ligand 8 the

effect of reaction parameters like 2507 [
temperature, ethylene pressure and reaction o
time was investigated. Productivity increases ] I

on increasing temperature from 298 to 308 K 150

gPlg Pd ———>
¢ 0
mol % MA ———>

r 15
for 8c, while a slight decrease is observed 2 ;3
for 8b. For both precatalysts a further 100 A F 10
increase in temperature, up to 318 K, results
in a sharp decrease in productivity due to ] M
the decomposition of the catalysts to inactive . ' ' ' ' .
Pd metal, indicating their low thermal 295 300 305 310 315 320

T/IK —m>

stability (Figure 4.13).

An increase in the content of the incorporated

polar monomer into the catalytic product is Figure 4.13. Ethylene/MA
achieved by increasing temperature for both | cqgjigomerisation: effect of temperature

catalysts. Even the production of alkenes | o n pr odu 8l i 88) ang acryl@s

shows a progressive decrease, more | ¢ g nt e Bt B¢).tReaction conditions:
pronounced for 8c, moving from 298 to 318 K | gee Table 4.1.

(Figure 4.13).
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The effect of ethylene pressure was
studied in the range 1.5 17 7.0 bar (Figure
4.14). For both precatalysts productivity
remarkably increases on increasing
ethylene pressure up to 5.0 bar; while a
further increase of pressure up to 7.0 bar
results in a less pronounced enhancement
in the productivity. In the case of 8c the
value of 400 (g P) (g Pd)* is reached at 7.0
bar. As expected, **?” the increase in the
ethylene pressure results in a progressive
decrease of polar monomer content in the
catalytic product (Figure 4.14). The ethylene
pressure significantly affects the production
Their

amount continuously increases from 1.5 to

of higher alkenes (Figure 4.14).
7.0 bar with a slight shift to higher alkenes in
the Poisson distribution.

A remarkably different catalytic behaviour
between the two precatalysts 8c and 8b is
observed by evaluating the effect of
reaction time by carrying out the catalytic
experiments at 2.5 bar of ethyleneand at T
= 308 K (Figure 4.15).
While 8D,

acetonitrile as labile ligand, is deactivated

precatalyst having the
within 16 h of reaction, precatalyst 8c is still
least 48 h, reaching a

productivity of almost 350 (g P) (g Pd)™.

active for at

Only a partial decrease in productivity is
apparent at long reaction time and this can
be partly explained by the kinetics of the
reaction, as detailed in the following. The

longer catalyst lifetime for 8c suggests that
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the better performing catalytic behaviour of the precatalyst with dimethyl sulfoxide over that
with acetonitrile might be due not only to the lower coordinating capability of dmso with

respect to CHs;CN, but to additional reasons (see later). As also shown in Figure 4.15, the
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percentage of MA incorporated in the oligomer decreases as the reaction proceeds. This can
also be at least qualitatively explained on the basis of the reaction kinetics (see later). An
unusual effect of the reaction time was observed on the production of higher alkenes
(Appendix 3). A progressive increase in their amounts, together with an increase in the
average chain length k, was observed up to 16 h. When the reaction is stopped after 24 h the
concentration of alkenes drastically decreased, for being higher again, but with low k values,
if the reaction is kept on going up to 48 h. This peculiar behaviour might be rationalized
considering the main processes operative in solutions. The ethylene oligomerisation results
in the increase of concentration and in the lengthening of the alkenes chain (k values). At the
same time, the reaction with MA results in the consumption of alkenes and in the formation of
cooligomers. In fact, as the concentration of alkenes increases, the possible insertion of
higher alkenes instead of ethylene cannot be excluded. At the lower reaction times, the
predominant processes are ethylene oligomerisation and ethylene/MA cooligomerisation. As
the reaction proceeds, formed alkenes might participate to the cooligomerisation process,
resulting in the decrease of their concentration. Further increasing the reaction time, MA
concentration decreases and, below a critical value, ethylene oligomerization becomes the
predominant process, producing new amount of higher alkenes.

The characterisation of the isolated catalytic product was performed by *H and *C NMR
spectroscopy in CDCIl; solution, at room temperature. The signals in the spectra were
identified by comparison with literature data ?*** and by multidimensional homo- and
heteronuclear NMR experiments (Appendix 1). In the *H NMR spectra of the oils synthesized
with precatalysts 8b and 8c the following signals are recognized: the signals at 5.60 T 4.90
ppm due to the vinylic protons, the singlet at 3.60 ppm due to the methoxy group, the broad
signals between 2.50 and 1.50 ppm assigned to allylic protons and to methylenic groups
close to the acrylate units, the broad signal centered at 1.23 ppm due to the methylenic and
methynic moieties of ethylene units and the signals between 1.0 and 0.6 ppm assigned to
methyl groups at the end of branches (Figure 4.16). No signal due to methynic carbon atoms
of acrylate units is observed. The NMR analysis indicates that both the ethylene/MA
cooligomer is highly branched (4100 branches/ 1
monomer is inserted at the end of the branches as the I CH,-CH,-C(O)OCH; fragment, that is
the result of the chain walking mechdfimom, in
the NMR analysis the presence of higher alkenes into the isolated catalytic product cannot

be excluded.
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Figure 4.16. "H NMR spectrum in CDCl; at 298 K of the ethylene/MA cooligomers obtained

with 8c (analogous spectrum for ethylene/MA cooligomers obtained with 8b).

4.2.4. Mechanism.

To gain some insights into the reactions involved in the catalytic cycle, the independent
reactivity of the two comonomers with complexes 8b, 9b and 11b was investigated by in situ
NMR spectroscopy. A 10 mM CD,CI, solution of 8b was reacted with ethylene at room
temperature. In the *H NMR spectrum recorded after 10 min from the bubbling of the apolar
monomer no signal of the precursor was present and the signals of butenes and hexenes
were observed. The fast reactivity of 8b wi t h t he al kene i s in
studies.®"#!

The reactivity with methyl acrylate was investigated by adding 2 eq. of the polar monomer to
the 10 mM CD,Cl, solution of the complex, at room temperature. The *H NMR spectra were
recorded every 5 min for the first 20 min after the addition of the polar monomer. The three
complexes showed the same behaviour: in the first spectrum recorded after the addition of
MA the signals of the precatalyst were still present together with the appearance of new
signals assigned to the five- and the six-membered palladacycles B" and C" (Scheme 4.4;

Figures 4.17-4.19).

100

agree



Ar-CH,

Pd-CH,
(a) Pd-NCCH,
! ,,-“LJL, N J
(b) .
e J.L . - A JL“\_ A N | W e
free MA
@ | OCH:s o |. CH,? CH,?
4LL_A;J \ 7,}.;\_\/“\_}‘\;/\ T { ,|>/« 07

.SrB‘ ‘ ‘3’.6- ‘ '3’.4’ ‘ ‘3.2. R K
d/ppm
Figure 4.17. 'H NMR spectra in CD,Cl, at T = 298 K of reactivity of 8b with MA, aliphatic
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Figure 4.18. 'H NMR spectra in CD,Cl, at T = 298 K of reactivity of 9b with MA, aliphatic
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In addition, the signal of free acetonitrile was also present and for longer reaction time the
resonances of A NScheme 4.4) were also observed. The reactivity of the three complexes
differs for the rate of the reaction that decreases in the order 11b > 9b > 8b (Figure 4.20).
The different trend of reactivity with respect to that of productivity is related to the different
stability of the three catalysts: 11b is the fastest but the least stable, on the other hand 8b is
the slowest but very stable.
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Figure 4.20. First order rate for consumption of Pd-CHjs by insertion of MA ([Pd] = 10 mM in
CD,Cl,, T =298 K, A = [Pd-CHs],, Ay = [Pd-CH3]=0) . 8bd : db;  kb.
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The reaction rate of the precatalyst with MA follows a first order kinetic. The same is likely to
hold for the related insertion of MA into the growing oligomer chain. Since during the catalytic
reactions the ethylene pressure is hold constant, the apparent rate dependence on ethylene
pressure will be pseudo-zero order for any single reaction (for ethylene polymerization
catalyzed by Brookhartés system a zero order r
(28]

These reasonable assumptions allow us to justify some of the trends previously
evidenced and to perform a modellization of the catalytic data (see Appendix 3). In particular:

1) The productivity of the catalyst decreases with reaction time even in the case of the
Pd-dmso complex 8c.
From the amount of product obtained and the percentage of inserted MA measured by
NMR, it is easy to calculate the mols of MA and ethylene consumed for each reaction (see
Appendix 3). This allows treating the MA and ethylene consumption separately, in
agreement with the presence of the two processes: ethylene oligomerisation and
ethylene/MA cooligomerisation. The data for the reactions catalysed by 8c can indeed be
fited quite well by a kinetic model being first order in MA and pseudo-zero order in
ethylene. A small decrease in activity can still be observed, that must be attributed to
some catalyst deactivation, but most of the decrease in productivity at long reaction times
can be attributed to the slowing down of the MA insertion due to the consumption of the
latter. On the other hand, in the case of the reactions catalyzed by 8b the model fails
completely. In this case catalyst deactivation is clearly the largely dominant reason for the
decrease in productivity with time.
2) The percentage of MA in the product decreases as the reaction proceeds.
The insertion reactions of MA and ethylene are in competition with each other. To a first
approximation, it can be assumed that the relative insertion rate is proportional to the
MA/ethylene ratio in solution. Since the concentration of MA decreases during the reaction
but that of ethylene does not, it is to be expected that the percentage of inserted MA will
decrease at higher MA conversions, such as those that occur when the reaction time is
increased, at least for the Pd-dmso catalysts.
3) The rate does not linearly increases with the ethylene pressure and the percentage
of MA insertion decreases along the series.
The reason for this is immediately clear from what said above. An increase in ethylene
pressure does accelerate the rate of ethylene insertion only. It does not accelerate the
rate of MA insertion. Since the productivity of the catalyst is due to the sum of the two
insertions, a linear increase of the productivity with the ethylene pressure is not to be
expected under any circumstance. On the other hand, a higher ethylene pressure alters
the MA/ethylene ratio in solution in favour of the latter and renders MA insertion less

competitive.
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The NMR studies described above also allow to propose a more detailed hypothesis for the
mechanism of the reactivity with MA (Scheme 4.4). On the precatalyst the substitution
reaction of acetonitrile with the polar monomer takes place leading to free acetonitrile and to
two intermediates that differ for the orientation of MA. On these intermediates the migratory
insertion reaction of the polar monomer into the Pd-CH; bond takes place with primary and
secondary regiochemistry, respectively, the latter being remarkably favoured. The insertion
with primary regiochemistry leads directly to the five-membered palladacycle A Nyhile in the
case of the insertion with secondary regiochemistry the detected six-membered metallacycle
C ' idNjhe result of the chain walking mechanism. The insertion of the polar monomer into the
Pd-CH; bond with a secondary regiochemistry is typical for MA, being observed in palladium
complexes with U-diimines,® phosphinesulfonate derivatives, phosphinoacetamido-derived
ligands,®® and phosphinomethyloxazoline P-N ligands.®”! The insertion with exclusive
primary regiochemistry was instead observed for methyl methacrylate on Pd-U-diimine
complexes.®

For complex 8b the reactivity with MA was followed up to 17 h showing the disappearance of
the signals due to the two metallacycles B" and C ' aN§l the appearance of the resonances of
methyl crotonate, A Nand of D' (Figure 4.21). Methyl crotonate is the result of b-hydrogen
elimination on the five-membered palladacycle B" (Scheme 4.4). C' &jd B" are in
equilibrium as probed by the exchange cross peaks in the NOESY spectrum (Figure 4.22,
cross peak in green circle). D' is the result of the migratory insertion of MA into the Pd-H
bond. This intermediate was al s¥ observed
It is straightforward to note that in the case of the intermediates with the nonsymmetric ligand
8, cis and trans isomers are possible. As reported above, the trans isomer is featured by the
Pd-C bond trans to the Pd-N bond of the meta substituted ring. In the *H NMR spectra only
the signals of one isomer are evident for C" (Figure 4.17; the concentration of A Njnd of B"
are too low to allow the detection of their other possible isomer). Their assignment was
based on the following consideration: 1. The intensity of the singlet of the aryl CH; of 8b
decreases with the proceeding of the reaction being replaced by a new singlet at higher
frequency (2.32 ppm; Figure 4.17); 2. The signal of H* on the acenaphthene skeleton is also

shifted at higher frequency (7.24 ppm); 3. The signals of H*!8

overlap, while in the
precursor are separated; 4. A clear cross peak between the aryl CH; and the Pd-CH," of C"
is present in the NOESY spectrum (Figure 4.22, cross peak in black circle); 5. No variation is
observed in the chemical shift of H®. All these NMR data indicate that the trans isomer
(C"wans) is the only one present, thus suggesting that after the migratory insertion, the

isomerization of the growing chain occurs.
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palladacycles; in black circle the NOE peak between CH," and Ar-CHs. For palladacycles
labels, see Figure 4.21.
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During the catalysis, in the growing of the cooligomer chain the metallacycle C"(ans might be

also responsible for the formation of the 7 CH,-CH,-C(O)OCH; fragment.

FsC <. "
"
FaC \og HaC
N\

FiC He | FaC
3QNq _39 3 QN/—\N
FsC N HsC FsC o HaC
3 pd! PN
\j\CH;ﬁ A<: CHs
0
fo] o H;C O
‘ (\:H3 \
FsC /—\HaC, ] FsC,, /‘\HsC Bk
§ SN N—§ > § >N N~§ >
FiC oy HaC FaC oy HaC
7/ 7/
51 N
HiC~o CHs 0 K
HyC

FsC Pd C F3C 3C
Q O o CH;
3 / o 2 ) cH \ 5
HsC~g (o) H3C~g
H3C o H30 —|+

Q\ = Q\ =

N\
| | "
BQ«{/KO CHj C e HSC\O/KJ B Ctrans

Y
not detected

Scheme 4.4. Proposed reaction mechanism for the reactivity of complex 8b with MA.

In a preliminary in situ NMR experiment complex 8c, having dmso bonded to Pd, was
reacted with 2 eq. of MA. In the 'H NMR spectrum recorded after 2 min from the addition of

MA no signal of 8c is present, the signals of B" and C ';Njare observed, together with a

broad peak at 2.63 ppm; no signal of free dmso is evident. Following the reaction with time

the signal at 2.63 ppm increases in intensity and becomes sharper. In addition, the typical
signals of the metallacycles B" and C ' Njfall at a frequency slightly different with respect to

that of the same signals observed for the reactivity of 8b (Figure 4.23).

106



free
@ MA Pd-CH,
(=20 | OCH. Pd-NCCH; |
CH,Y || sza ¢ CH.P
ol M L S
(b)
t=2
l‘L,,‘l S 77,-/t,,,._._,,'W-‘"wk_.. M ) A
t=20' . .
|
I | S Y o J/,UL"‘\ e P

Figure 4.23. '"H NMR spectra (aliphatic region) in CD,Cl, at T = 298 K of reactivity of: (a) 8b
with MA; (b) 8c with MA, evolution with time.*: free CH;C N; 80(: BNjNDZ2 bonded dmso.

Figure 4.24. *H NOESY spectrum of the reactivity of 8c wi t h MA at 273 K afte

addition of the polar monomer.
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