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Ferrocenylpyrazolyl palladium complexes as catalysts for the
polymerisation of 1-heptene and 1-octene to highly branched
polyolefins

Collins Obuah,? Apollinaire Munyaneza,* llia A. Guzei,*® James Darkwa,*"

4Department of Chemistry, University of Johannesburg, Auckland Park Kingsway Campus,
Auckland Park 2006, South Africa.

bDepartment of Chemistry, University of Wisconsin-Madison, 1101University Avenue, Madison, WI53706,
USA.

Reactions of [PdCI(NCMe),;] with the ferrocenylpyrazolyl compounds: 3-ferrocenyl-1H-
pyrazole-5-carboxylate (L1), ethyl-1-(2-bromoethyl)-3-ferrocenyl-1H-pyrazole-5-carboxyalte
(L2a), ethyl-1-(2-bromoethyl)-5-ferrocenyl-1H-pyrazole-3-carboxylate (L2Db), 3-
ferrocenylpyrazolyl-methylenepyridine (L3) and 3-ferrocenyl-5-methylpyrazolyl-
methylenepyridine (L4) at room temperature afforded [PdCly(L1)] (1), [PdCIly(L2a)] (2a),
[PACI,(L2b)] (2b), [PACI>(L3)] (3) and [PACl,(L4)] (4) respectively. Compounds L1-L4 and
their palladium complexes were obtained in moderate to high (50-90%) vyield and
characterized by NMR spectroscopy, elemental analysis, and in selected cases by single
crystal X-ray crystallography. Complexes 1-4 were used as pre-catalysts for the reactions of 1-
heptene and 1-octene with EtAICI, as a co-catalyst. The activities of 1, 2a and 3b were
relatively low (10 083-18 250 g/molPd.h) with 1-heptene being a better monomer for these
complexes. However, pre-catalysts 3 and 4 showed moderate activities (123 000-448 000
g/molPd.h) 1-octene being the better monomer. The polyolefins obtained were characterized
by both *H and **C{*H} NMR to be highly branched polyolefins with degree of branching up
to 270 branches per 1 000 carbon atoms. However, low molecular weights between 888 and 1
198 were recorded with narrow PDI between 1.02 and 1.44.
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Current address: Department of Chemistry, University of Botswana, Private Bag 00704
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Introduction

For many years the key building blocks in the petrochemical industry have been ethylene,
propylene, and butene. This is due to their availability, low cost and reactivity; thus allowing
for their conversions to a wide array of commercially useful products. Although these
petrochemical building blocks are still useful today, the improved availability of linear a-
olefins via oligomerisation of ethylene, generally in the range between Cg and Cy, provide
access to alternate building blocks to ethylene, propylene and butene in the petrochemical
industry.? Products made from linear a-olefins have unique and valuable characteristics for
commercial proposes. For instance, copolymerisation of monomers such as 1-octene with
ethylene gives stronger and tougher linear low density polyethylene, which has superior
properties as packaging materials.® Furthermore other higher a-olefins like 1-heptene and 1-
dodecene are used in making various biodegradable surfactants for household and industrial

applications.*

The polymerisation of these linear a-olefins is pre-dominantly performed with Ziegler-Natta
type catalysts. However, in recent times Ziegler-Natta catalysts are used less since the
discovery of late transition metal catalysts that have high activity toward ethylene
polymerisation.” The two most studied late transition metals for these reactions are nickel and
palladium® with the best known nickel catalyzed reaction being the Shell Higher Olefin
Process (SHOP):® the success of which is driven by the chain termination properties it offers.
Palladium on the other hand was considered incapable of oligomerising or polymerising
olefins until the seminal work by Brookhart.* Since then several groups have used palladium
complexes as catalysts in olefin oligomerisation and polymerisation reactions as demonstrated
by several review articles on this subject.” Although there are several catalysts that have been

used for olefin transformation reactions, their success appears to be dependent on the ligand
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system. Nearly all late transition metal catalysts for olefin oligomerisation and polymerisation
reactions have nitrogen donor atoms. Examples can be found in ligand systems such as o-
diimine,® pyrazole,® mixed pyrazolyl-pyridine'® and phenanthroline.™

Pyrazole and pyrazolyl metal complexes have attracted attention in coordination chemistry®*°

1112 a5 well as their potential applications in medicine.** For catalysis,

and in catalysis,
pyrazole and pyrazolyl containing metal complexes are interesting because they have weaker
o-donor ability that makes their metal containing complexes more electrophilic than other
nitrogen-donor ligands like imines and pyridines.”*** Thus, in order to have the best
electrophilicity for pyrazole and pyrazolyl metal complexes for catalytic applications, the
substituents on the pyrazolyl unit are crucial. Much of the tuning for steric and electronic
properties on pyrazoles have been alkyl and aryl substituents in the 3,5-positions,*® but a
recent report on the synthesis of ferrocenylpyrazoles opens avenues to use ferrocenyl groups
as alternatives to alkyl and aryl groups.’® A few reports on ferrocenyl supported palladium

catalysts for ethylene oligomerisation or polymerisation have appeared in the literature,’ but

these are not extensive.

We have started a systematic search for ferrocenylpyrazolyl-supported late transition metal
catalysts for a-olefin oligomerisation and polymerisation reactions. Herein we report our
initial results for a series of palladium complexes that serve as efficient catalysts for higher a-

olefins resulting in highly branched polyolefins.
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Results and discussions

Synthesis of ligands and their palladium complexes

Five compounds, three known:(3-ferrocenyl-1H-pyrazole-5-carboxylate (L1), (ethyl-1-(2-
bromoethyl)-3-ferrocenyl-1H-pyrazole-5-carboxyalte) (L2a) and (ethyl-1-(2-bromoethyl)-5-
ferrocenyl-1H-pyrazole-3-carboxylate) (L2b),"® and two new ones: (3-ferrocenylpyrazolyl-
methylenepyridine) (L3) and (3-ferrocenyl-5-methylpyrazolyl-methylenepyridine) (L4) were
used to prepare five palladium complexes 1-4 respectively (Schemes 1 and 2). Compounds L3
and L4 were prepared Dby refluxing a chlorobenzene solution of the appropriate
ferrocenylpyrazolyl compound with 2-chlormethyl-pyridine hydrochloride in a 1:1 ratio,
excess KOH after adding and TBAB (10 drops) (Scheme 1). When the synthesis of L3 and L4
were performed in either toluene or THF, the yields were very low but in chlorobenzene the
yields were excellent (~90%). In both reactions two structural isomers of L3 and L4 are
formed, arising from the tautomerisation of the hydrogen atom in the ferrocenylpyrazoles used
as starting materials. The presence of the two isomers is clear from *H NMR spectra. Attempts
to separate the two isomers of L3 and L4 by column chromatography were unsuccessful. In
the *H NMR spectrum (Figure S1) two singlets for the methyl protons for L4 were found at
2.19 ppm (L4a) and 2.30 ppm (L4b) in a 4:1 intensity ratio, signifying that L4a is the major
product based on steric factors that are expected to control the reaction of the
ferrocenylpyrazoles. High resolution mass spectrometry gave molecular ions for both
compounds, L3 (m/z = 344.0844 (100%) and L4 (m/z = 358.1000 (100%), and elemental
analysis was used to confirm their purity. A similar tautomerisation occurs in the formation of
L2, but could be separated using preparative TLC to L2a and L2b. The compounds were
subsequently used to prepare their respective palladium complexes 2a and 2b; and their solid

state structures (vide infra) attest to the structural isomers of the compounds.
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Reactions of L1-L4 with [PdCI,(NCMe),] in a 1:1 ratio produced the palladium complexes 1-
4 (Scheme 2) in moderate to high yields (51-86%). All the palladium complexes were partially
soluble in THF and toluene but quite soluble in dichloromethane. Complexes 1, 2a and 2b are
orange whereas 3 and 4 are light brown in colour. The *H NMR spectra of 1, 2a and 2b show
no special features, however they revealed downfield chemical shifts for all protons compared
to the free ligands. The *H NMR spectra of complexes 3 and 4 showed peaks of the two
isomers similar to the free ligands. For example, complex 4 has a *H NMR spectrum (Figure
S2) with peaks at 2.44 ppm (4a) and 2.66 ppm (4b) in a 3:1 ratio instead of the 4:1 ratio found
for the free ligands (L4a and L4b). Also in this case, steric factors would support 4a being the
major product, and the chemical shift of the methyl group lends further credence to 4a as the
major products since its methyl group is expected to be the most downfield chemical shift in a

'H NMR spectrum. We have used the solid state structures of most of these compounds to
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Scheme 1: Synthesis of ferrocenylpyrazolylmethylenepyrindine compounds: (i) KOH/TBAB;
(i) chlorobenzene reflux
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Scheme 2: Synthesis of ferrocenylpyrazolyl palladium(ll) complexes 1-4

Molecular structures of L2, L3a, L4a, 2a, 2b.C;Hg and 3a.CH,Cl,
Single crystals suitable for X-ray analysis of L2, L3a, L4a, 2a, 2b.C;Hg and 3a.CH,CI, were

obtained by slow evaporation of their toluene or CH,Cl,/hexanes solutions at 25 °C.
Crystallographic data are tabulated in Table 1, whereas the molecular geometries and selected

bond lengths and angles are presented in Figure 1-6.

Compound L2 crystalizes as two independent molecules (conformational isomers) in the
asymmetric unit, L2a (Figure 1) and L2b (Figure S3). In L2a the atoms O1, C10 and C11 are

disordered over two positions with a major contribution of 68.2(5)%; whereas in L2b the
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unsubstituted cyclopentadienyl ring is disordered over two positions with a major component
contribution of 63.7(12)%. There were no conformational isomers observed in the crystal
structures of L3 and L4 but in both cases the isomer in the solid state was the one with the
ferrocenyl unit in position 3 of the pyrazolyl ring (i.e L3a and L4a). In crystal structures of
L2, L3a and L4a the pyrazolyl unit is coplanar with one cyclopentadienyl ring of the
ferrocene moiety. The cyclopentadienyl rings in L1, L3a and L4a are nearly parallel in an
eclipsed conformation with dihedral angles of 1.80(3)°, 0.76(6)° and 4.99(7)° respectively. The
N-N bond lengths of the pyrazolyl units in L2a (1.333(5) A and L2b are similar at 1.338(5)
A, although the N-N bonds in L3a (1.3559(15) A) and L4a (1.363(19) A) are slightly longer

but the difference is not statistically significant.

The crystal structures of 2a, 2b.C;Hg and 3a.CH,ClI, all show slightly distorted square planar
geometries about the Pd centre with bond angles between 87.42(15)-91.90(11)°. In 2a and
2b.C;Hg the smallest N-Pd-Cl angles are 88.88(12)° and 89.90(8)°, whereas the largest N-Pd-
Cl angles are 91.12(12)° and 90.10(8)°. In 3a.CH,Cl, the N-Pd-Cl angle range is 87.42(8)° -
91.90(11)°. The two cyclopentadienyl rings in 2a, 2b.C;Hg and 3a.CH,Cl, are nearly parallel,
with dihedral angles of 3.60(3)°, 4.71(16)° and 2.59(19)°, respectively. The cyclopentadienyl
rings of ferrocenyl moiety for all palladium complexes also show staggered conformation as
found in most compounds with ferrocenyl groups. The Pd-N bond lengths for 2a (2.013(4) A),
2b.C7Hs (2.011(3) A) and 3a.CH,Cl, (2.017(4) A) are somewhat shorter than the Pd-N bond
lengths found in pyrazolyl palladium complexes that have Pd-N(,,) bonds where they range
from 2.034(3) to 2.060(3) A:* and the Pd-Cl bond lengths for 2a (2.304(13) A), 2b.C;Hs
(2.298(8) A) and 3a.CH,Cl, (2.2816(11) A) are in the normal range (2.242-2.516 A) as 1776
palladium complexes to which two nitrogen atoms and two chloride ions are ligated to the

palladium that are reported in the Cambridge Structural Database (CSD).?
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Figure 1: A molecular drawing of L2a with 50% probability ellipsoids. Both disordered
components of OEt group are shown. Hydrogen atoms were removed for clarity. Selected
bond lenght [A] and angles [°]: N1-N2, 1.333(5); Fe1-C1, 2.041(5); Fel-C5, 2.041(5); C5-C8,
1.471; C6-N1, 1.345(6); C3-Fel-C12, 163.10(2); C2-Fel-C5, 68.90(2); C5-C6-N1, 123.00(4);
N2-N1-C6, 113.60(4).
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Figure 2: Molecular structure of L3a, drawn with 50% probability ellipsoids. Selected bond
lengths [A] and bond angles [°]: N1-N2, 1.355(15); N1-C13, 1.353(18); N1-C14, 1.447(17);
C14-C15, 1.515(18); N3-C15, 1.336(18); N2-C11, 1.340(17); C13-N1-N2, 112.18(11); N2-
N1-C14, 119.07(11); N2-N1-C13, 112.18(11); C8-Fe-C3, 107.11(5); C1-Fe-C6, 107.54(5).
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Figure 3: Molecular structure of L4a, drawn with 50% probability ellipsoids. Selected bond
lengths [A] and bond angles [°]: N1-N2, 1.363(19); C20-N3, 1.339(2); C15-N3,  1.346(2);
C14-N2, 1.449(2); C13-N2, 1.360(2); C11-N1, 1.339(2); C7-Fel, 2.034(17); Cl-Fel,
2.043(17); C11-N1-N2, 104.48(13); C13-N2-C14, 128.55(14); C7-Fel-C10, 68.61(6); C1-
Fel-C2, 40.56(8); C20-N3-C15, 116.95(16).

10
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Figure 4: Molecular structure of 2a drawn with 50% probability ellipsoids. Selected bond
lenghts [A] and bond angles [°]: Pd1-N1, 2.013(4) A; Pd1-Cl1, 2.304(13) A; N1-N2, 1.356(6)
A; Fel-centroid C1-C5, 1.653(3) A; Fel-centroid C6-C10, 1.645(2) A. N1-Pd-N1A, 180.0%
Cl1-Pd-CI1A, 180.0% N1-Pd-Cl1, 88.88(12)% N1A-Pd-Cl1, 91.12(12)°.

11
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Figure 5: Molecular structure of 2b drawn with 50% probability ellipsoids. Hydrogen atoms
and toluene were removed for clarity. Selected bond lengths [A] and bond angles [°]: Pd1-N1,
2.011(3); Pd1-Cl1, 2.298(8); N1-N2, 1.349(4); Fel-centroid C1-C5, 1.653(2); Fel-centroid
C6-C10, 1.641(2). N1-Pd-N1A, 180.0(2); Cl1-Pd-CI1A, 180.0; N1-Pd-Cl1, 90.10(8); N1A-
Pd-Cl1, 89.90(8).

12
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Figure 6: Molecular structure of complex 3a, drawn with 50% probability ellipsoids. Hydrogen
atoms and dichloromethane were removed for clarity. Selected bond lengths [A] and bond
angles [°]: Pd1-Cl1, 2.282(11); Pd1-Cl2, 2.295(12); N1-N2, 1.363(5); Pd1-N1, 2.017(4); Pd1-
N3, 2.03594(4); N2-C6, 1.463(5); N3-C1, 1.362(6); ClI2-Pd1-Cl1, 90.33(4); N1-Pd1-Cl1,
176.04(11); N1-Pd1-CI2, 91.90(11); N3-Pd1-Cl1, 90.82(11); N3-Pd1-Cl2, 171.92(10);N3-
Pd1-N1,87.42(15);C5-C6-N2,110.8(3).

13
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Table 1: Crystal data and structure refinement for compounds L2, L3a, L4a, 2a, 2b.C;Hg and 3a.CH,Cl,

Page 14 of 32

L2 L3a L4a 2a 2b.C7Hg 3a.CHClI,
Empirical C16H16FeN202 C19H17F6N3 ConlgFeNg C36H338r2C|2F62N404 C36H338r2C|2F62N404 C20H21N3CI2FePd.CH2
formula Pd Pd.C7Hs Cl,
Formula weight 324.16 343.24 359.25 1039.52 1131.66 605.46
Temperature/ K 100(2) 100(2) 100(2) 100(2) 100(2) 100(2)
Wavelength/A 1.54178 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic monoclinic triclinic triclinic monoclinic
Space group C2/c P21 /c P21 /c P1 P1 C2/c
al A 29.416(8) 14.563(12) 10.412(8) 8.987(3) 10.379(10) 36.226(5)
b/ A 11.924(3) 9.913(8) 14.067(10) 9.377(3) 10.641(10) 8.037(9)
o/ A 21.477(5) 10.7526(8) 10.833(8) 11.493(4) 11.720(11) 15.450(19)
o/ (°) 90 90 90 82.844(5) 73.826(10) 90
B/ (°) 129.709(13) 103.195(2) 91.106(2) 86.976(5) 65.091(10) 103.443(3)
v/ (%) 90 90 90 78.416(5) 68.185(10) 90
Volume (A3) 5795.2(3) 1511.4(2) 1586.4(2) 941.0(5) 1078.52(18) 4375.2(10)
Z 16 4 4 1 1 8
Density (Mg/m®) 1.486 1.517 1.504 1.834 1.742 1.8382
Final R indices R1=0.0641, R1=0.0244, wR2 R1 =0.0308, R1=0.0472, wR2 = R1=0.0443, wR2 = R1=0.0501, wR2 =
[I>2sigma(l)] wR2 =0.1632 =0.0612 wR2 = 0.0837 0.1077 0.1187 0.1283

14
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Olefin polymerisation catalysis

The ability of 1-4 to oligomerize or polymerize 1-heptene and 1-octene (Table 2) was
investigated. A typical reaction was run with 5 pumol of palladium pre-catalyst, 200
equivalents of EtAICI, as co-catalyst, and 4 mL of the olefin monomer in hexane. After
sampling for GC analysis it was established that no heptene or octene oligomers were formed
(Figure S4) but upon work-up of the reaction viscous oily products were isolated. NMR
spectra of these oils indicated they were highly branched polyolefins. A typical ‘H and

3C{*H} NMR spectra are shown in Figures S5 and 7 of these branched polymers.

For pre-catalysts 1, 2a and 2b conversion of 1-heptene and 1-octene to the respective
polyolefins were in the first 3 h. It took 24 h to obtain the conversion reported in table 2
(Entries 1-6). However, pre-catalysts 3 and 4 showed good conversions even within 1 h (Table
2, entries 7-18), with almost complete conversion of 1-octene in 7 h by pre-catalyst 3 (Table 2,
entry 18). It appears the nature of the ligands in the pre-catalyst play a significant role in the
catalyst activity, with 1, 2a and 2b that have only pyrazolyl donor group being less active
compared to 3 and 4 that have pyrazolyl and pyridyl donor groups. For instance, the best
activity of the pre-catalyst containing only pyrazolyl was 18 250 g/molPd.h for complex 1
whereas the best activity for the pre-catalyst with pyrazolyl-pyridine donor was 448 000

g/molPd.h for complex 3.

To test the stability of these catalysts a second aliquot of the monomer was added to these
reactions, using 1 or 3. In the case of 1, 1-heptene (4 mL) was added while for 4, 1-octene (4
mL) was added. However, neither of these catalysts was able to completely convert the second
aliquot of 4 mL of the monomer, no matter how long these reactions were run. It is possible
that the incomplete conversion of the second aliquot of monomer could be due to mass

transport problems as the reaction mixture became very viscous with the second batch of

15
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monomers. Nevertheless, it is also possible that in both cases there was some degree of

catalyst deactivation.

We investigated the effect of temperature of the activity of these pre-catalyst using complex 3
and 1-octene table 2 (Entries 8-10), confirmed that increase in temperature drastically reduced
activity from 160 000 g/molPd.h at 25 °C to 82 000 g/molPd.h at 60 °C. Here, it is clear that
higher temperature caused the catalyst to deactivate, hence the lower activity. Increase in
reaction time resulted in increase in polymer molecular weight while increase in reaction
temperature resulted in lower polymer molecular weight (Table 2). Both of these trends are
expected, but what is significant is that PDI of the polymers remained narrow (1.02-1.44)
(Table 2) strongly suggesting that these catalysts are single-site catalysts. This would also
suggest that most of the catalytically active species remain active with time. A typical GPC
trace (Figure S6) show monomodal molecular distribution; consistent with single-site catalysts
system formed upon activation of pre-catalysts 1-4 with EtAICI,. Generally, catalyst activity
increases with increasing polymerisation temperature but causes chain transfer?* or faster
chain termination,”® which may result in high branching or broad PDI. Similar observation has

22
l.

also been reported by Marques et al.” where narrow polydispersity indexes (1.12-1.21) have

been achieved at temperatures between -11 to 25 °C.

NMR spectroscopy was used to characterize the polymers produced. *H NMR spectra for the
various polymers obtained were similar. A typical *H NMR spectrum (Figure S5) showed two
peaks at 0.87 ppm, which was assigned to CHgs, and at 1.26 ppm assigned to CH, and CH
groups in the polymers. Integration of these two peaks suggests that the polyolefins
synthesized are highly branched with degree of branching per 1000 carbon atoms between 198

and 270 (Table 2). Similar highly branched polyolefins have been reported by Brookhart and

16
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co-worker.?! Their degree of branching was as high as 297 per 1000 carbons when they
polymerize propylene, 1-hexene and 1-octadecene with a-dimminenickel(Il) chloride pre-
catalyst using MAO as co-catalyst. Normally highly branched polyolefins are associated with
nickel catalysts®® which have high incidence of p-hydride migration. Our palladium catalysts
appear to have similar levels of B-hydride migration, which would explain why they produce

such highly branched polymers.

The C{*H} NMR spectra provided additional evidence of branching in the polyolefins
produced. A typical *C{*H} NMR spectrum is shown in Figure 7. We have used the **C{*H}
NMR spectra to propose a structure for the branched polyolefin produced (Figure 8); adopting
the nomenclature used by Usami®* and Mclain® for such branched polymers. From the
BC{"H} NMR data there are three main branches in our polymers, namely ethyl, propyl and

butyl.

The ethyl and propyl branches in the polymers are low. A 'B, peak associated with ethyl
branches, usually found around 11 ppm is not found in our spectra. However, low intensity
’B, peaks around 26.6 ppm and brB, at 39.5 ppm in our spectra suggest the presence of, but
not extensive, ethyl branches. Similarly less extensive propyl branches in the polymers are
depicted by the peaks at 14.6 ppm (‘Bs) and 36.6 ppm (°Bs). The formation of ethyl and
propyl branches in the polymer is the result of 2,1-insertion of monomers into the Pd-C bond

of the catalyst, followed by successive elimination and reinsertion steps.

The characteristic peaks for butyl branches are: (i) the terminal methyl peak at 14.16 ppm (-
1), and (ii) methylene peaks in the range 23.01-23.77 ppm and 29.5 ppm represented as Ba.

Generally butyl branch arises from sequential 1,2-insertions of monomer into Pd-C bond.

17
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Longer butyl branches were also observed in the polymer as high intensity peaks at 22.86 ppm
(®Bs) and 32.04 ppm (1,4-a'B,) (Figure 7). These longer chain branches arise from 2,1-
insertion of monomers, but are also promoted by metal migration to the primary carbon of the
polymer and subsequent enchainment. There are also methyl branches in our polymers. These
are the peaks at 27.95 ppm (1,6-pB;) and 28.22 ppm (1,6-p'B;) in Figure 7. The proposed

mechanism for the formation of these branches is as reported in literature.?

18
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Table 2: Olefin polymerisation data using pre-catalysts 1-4* and EtAICI; in hexane

Pd pre-catalyst (1-4)
NN EtAICI, / Hexane n
X=23 Branched polyolefin
Entry  Catalyst Olefin Time  Temp % Yield Activity Branching” M,°(Da) PDI
(min) (°C) Conversion (9) (g/molPd.h)
1 1 1-heptene 1440 25 79 2.19 18 250 260 825 1.22
2 1 1-octene 1440 25 63 1.79 14 917 265 910 1.07
3 2a 1-heptene 1440 25 78 2.18 18 167 256 849 1.29
4 2a 1-octene 1440 25 47 1.33 11 083 250 864 1.02
5 2b 1-heptene 1440 25 51 1.43 11917 256 836 1.44
6 2b 1-octene 1440 25 42 1.21 10 083 255 889 1.04
7 3 1-heptene 120 25 52 1.44 144 000 226 1023 1.24
8 3 1-octene 120 25 56 1.60 160 000 233 1135 1.20
9 3 1-octene 120 40 40 1.15 115 000 220 981 1.18
10 3 1-octene 120 60 29 0.82 82 000 198 888 1.16
11 4 1-heptene 120 25 44 1.23 123 000 206 1059 1.19
12 4 1-octene 120 25 58 1.65 165 000 241 1075 1.19
13 3 1-octene 15 25 18 0.52 416 000 227 1070 1.16
14 3 1-octene 30 25 39 1.12 448 000 234 1094 1.21
15 3 1-octene 45 25 45 1.30 346 667 245 1105 1.20
16 3 1-octene 60 25 50 1.42 284 000 250 1124 1.20
17 3 1-octene 180 25 65 1.86 124 000 262 1167 1.20
18 3 1-octene 420 25 98 2.80 80 000 270 1198 1.17
Conditions: 6 mL of hexane; catalyst loading = 5 umol of pre-catalyst; 4 mL of monomer; Al:Pd = 200:1; "branching per 1000
carbon atoms determined by *H NMR; °Determined by GPC.
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Figure 7: *C{*H} NMR spectrum of a branched poly-olefin using pre-catalyst 3 with 1-octene
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Figure 8: Proposed structure of branched polymers
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Conclusion

All five ligands formed monometallic palladium complexes that were used as pre-catalysts for
the polymerisation of 1-heptene and 1-octene after activation with EtAICI; to highly branched
polyolefins. The polyolefins were of low molecular weight with narrow PDI irrespective of
the reaction condition and the *C{*H} NMR spectra show that there are three main branches

namely ethyl, propyl and butyl branching.

Experimental

General information

Synthesis of air sensitive compounds was carried out under N, inert atmosphere. Solvents
were dried under nitrogen before use. All organic solvents were dried and purified by
distillation over standard reagents under N prior to use. Ferrocene was purchased from
Aldrich and used without further purification. Acetylferrocene,?’ 3-ferrocenyl-1H-pyraozlyl-5-
carboxylate (L1),*® ethyl-1-(2-bromoethyl)-3-ferrocenyl-1H-pyrazolyl-5-carboxylate (L2a),*
ethyl-1-(2-bromoethyl)-5-ferrocenyl-1H-pyrazole-3-carboxylate (L2b)*® and
[PACI,(NCMe),]?® were synthesized using literature procedures. NMR spectra were recorded
on a Bruker 400 MHz instrument (*H at 400 MHz and *C{*H} at 100 MHz). The chemical
shifts are reported in & (ppm) and referenced to the residual proton and carbon signals at 7.24
ppm and 77.0 ppm respectively of CDCl; NMR solvent. Elemental analyses were performed
on a Vario elementar Il microcube CHN analyzer at Rhodes University. The mass
spectrometry unit at the University of Stellenbosch performed the ESI-MS spectra on a Waters
APl Qualtro micro spectrophotometer. The SEC instrument consists of a Waters 1515
isocratic HPLC pump, a Waters 717plus auto-sampler, Waters 600E system controller (run by
Breeze Version 3.30 SPA) and a Waters in-line Degasser AF. A Waters 2414 differential
refractometer was used at 30°C in series with a Waters 2487 dual wavelength absorbance

UV/Vis detector operating at variable wavelengths. Tetrahydrofuran (THF, HPLC grade,
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stabilized with 0.125% BHT) was used as eluent at flow rates of 1 mL min™. The column oven
was kept at 30 °C and the injection volume was 100uL. Two PLgel (Polymer Laboratories)
5um Mixed-C (300x7.5 mm) columns and a pre-column (PLgel 5 pm Guard, 50x7.5 mm)
were used. Calibration was done using narrow polystyrene standards ranging from 580 to
2x10° g mol™. All molecular weights were reported as polystyrene equivalents. Samples for
SEC were dissolved in BHT stabilized THF (2 mg/mL). Sample solutions were filtered via

syringe through 0.45 um syringe filters before subjected to analysis.

Synthesis of ligands
Synthesis of ferrocenylpyrazolyl-methylenepyridine (L3a and L3b)

To a 20 mL chlorobenzene solution of 3-ferrocenylpyrazole (0.40 g, 1.58 mmol) was added 2-
chloromethylpyridine hydrochloride (0.26 g, 1.58 mmol), KOH (0.44 ¢, 7.93 mmol) and 10
drops of TBAB. The mixture was refluxed for 18 h and the resulting mixture filtered and
solvent evaporated to obtain a dark orange solid product of yield 87% (0.47 g)."H NMR
(CDCls, 400 MHz) &: 4.03 (s, 5H, n°-CsHa); 4.05 (s, 5H, 1°-CsHa)iso; 4.23 (s, 2H, n°-CsHa);
4.38 (s, 2H, n°>-CsHa)iso; 4.67 (s, 2H, n°-CsHa); 5.42 (s, 2H, CH,); 5.67 (s, 2H, CHo)iso; 6.33 (5,
1H, pz-H); 6.37 (s, 1H, pz-H)iso; 6.76 (d, 1H, Jun = 7.6 Hz, py)iso; 6.91 (d, 1H, Juy = 7.6 Hz,
py); 7.17 (t, 1H, Juy = 5.2 Hz, py); 7.41 (s, 1H, pz); 7.52 (s, 1H, pz)iso; 7.60 (t, 1H, Jypy = 7.2
Hz, py); 8.54 (d, 1H, Jun = 4.0 Hz, py); 8.60 (d, 1H, Jun = 3.6 Hz, py)iso. “C{*H} NMR
(CDCl3) 6: 55.2; 57.4; 66.5; 68.1; 68.4; 69.0; 69.4; 69.5; 103.9; 105.8; 120.9; 121.3; 122.3;
122.5; 130.8; 137.0; 139.4; 149.2; 149.3; 151.9; 157.2; 157.9. High resolution ESI MS: calc.
[M+1]": C19H1gN3Fe: 344.2000. Found = 344.0844. Anal. Calcd for Cy9H;7N3sFe: C, 66.49; H,

4.99; N, 12.24% Found: C, 66.76; H, 5.23; N, 12.51%

Compound L4 was prepared in a similar manner as described for L3, using the appropriate

reagents.
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Synthesis of ferrocenylmethylpyrazolyl-methylenepyridine (L4a and L4b)

Compound 3-ferrocenyl-5-methylpyrazole (0.50 g, 1.88 mmol) was added to 2-
chloromethylpyridine hydrochloride (0.31 g, 1.88 mmol), KOH (0.53 g, 9.39 mmol) and 10
drops of TBAB to obtain a light orange solid product of yield 90% (0.60 g)."H NMR (CDCls,
400 MHz) 8: 2.19 (s, 3H, CHa); 2.30 (s, 3H, CHa)iso; 4.05 (s, 5H, n°-C5H4); 4.23 (s, 2H, n°-
CsHa); 4.34 (s, 2H, n°-CsHa)iso; 4.65 (S, 2H, n°-CsHa); 4.75 (s, 2H, 1°-CsHa)iso; 5.39 (s, 2H,
CHy); 5.61 (s, 2H, CH»)iso; 6.13 (s, 1H, pz-H); 6.17 (s, 1H, pz-H)is; 6.74 (d, 1H, Jyy = 8.0 Hz,
py); 6.78 (d, 1H, Jun = 8.4 Hz, pY)iso; 7.16 (t, 1H, Jun = 5.2 Hz, py); 7.59 (t, 1H, Jun = 8.0 Hz,
py); 8.54 (d, 1H, Jun = 4.8 Hz, py); 8.60 (d, 1H, Jun = 4.0 Hz, py)iso. “*C{*H} NMR (CDCl5)
o:11.1; 13.5; 54.6; 55.0; 66.4; 67.9; 68.0; 68.3; 68.9; 69.4; 69.5; 103.8; 105.5;
120.7;120.8;122.2; 122.3; 137.0; 139.7; 142.4; 148.3; 149.1; 149.3; 150.0; 157.5; 158.2. High
resolution ESI MS: calc. [M+1]": CyoH2oN3sFe: 358.0900. Found = 358.1000. Anal. Calcd for

CaoH19N3sFe: C, 67.24; H, 5.36; N, 11.76% Found: C, 67.58; H, 5.91; N, 12.01%.

Synthesis of palladium complexes
Synthesis of [{bis(3-ferrocenyl-1H-pyrazole-5-carboxylate}palladium(ll) chloride] (1)

To a mixture of the L1 (0.113 g, 0.349 mmol) and [PdCI,(NCMe),] (0.045 g, 0.174 mmol)
was added 20 mL of CH,CI, and stirred at room temperature for 18 h. After evaporating the
solvent, the crude product obtained was recrystallized by slow evaporation of a solution of the
product in a 2:1 mixture of dichloromethane-toluene to afford 1 as an orange solid. Yield =
87% (0.125 g). *H NMR (CDCls, 400 MHz) & 1.59 (t, 3H, OCH,CHs), 4.03 (s, 5H, n°-CsHa),
4.25 (g, 2H, OCH,CHs), 4.56 (s, 2H, n°-CsHa), 4.65 (s, 2H, n°-CsHa), 6.43 (s, 1H, pz). Anal.
Calcd for CsHs3iCloFeaN4O4Pd: C, 46.66; H, 3.67; N, 6.80. Found: C, 46.68; H, 4.06; N,

6.88%.
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Complexes 2-4 were prepared in a similar manner as described for 1, using the appropriate

reagents and ratios.

Synthesis of  [{bis(ethyl-1-(2-bromoethyl)-3-ferrocenyl-1H-pyrazolyl-5-carboxylate}-
palladium(ll) chloride] (2a)

Compound L2a (0.122 g, 0.349 mmol) was reacted with [PdCI,(NCMe),] (0.045 g, 0.174
mmol) to give an orange solid. Yield = 58% (0.105 g). *H NMR (CDCls, 400 MHz,): & 1.42 (t,
3H, OCH,CHy), 3.94 (t, 2H, CH,CH,Br), 4.21 (s, 5H, n°-CsH.), 4.43 (g, 2H, OCH,CHs), 4.58
(s, 2H, n°-CsHa), 5.31 (s, 2H, 1°-CsHa), 5.73 (t, 2H, CH,CH,Br), 6.94 (s, 1H, pz). Anal. Calcd

for C36H338r2CI2Fe2N4O4Pd: C, 4159, H, 368, N, 5.39. Found: C, 41.70; H, 383, N, 5.32%.

Synthesis of [{bis(ethyl-1-(2-bromoethyl)-5-ferrocenyl-1H-pyrazolyl-3-carboxylate)}-
palladium(ll) chloride] (2b)

Compound L2b (0.122 g, 0.349 mmol) was reacted with [PdCI,(NCMe),] (0.045 g, 0.174
mmol) to give an orange solid. Yield: 51% (0.100 g)."H NMR (CDCls, 400 MHz): & 1.47 (t,
3H, OCH,CHs), 4.21 (s, 5H, n°-CsHa), 4.46 (m, 2H, CH,CH,Br, 2H, n°-CsHy), 4.58 (m, 2H,
OCH,CHs, 2H, n°-CsHg4), 5.89 (t, 2H, CH,CH,Br), 6.83 (s, 1H, pz). Anal. Calcd for
CasH3sBr.CloFe;,N4O4Pd.C/Hg: C, 44.14; H, 3.82; N, 5.23. Found: C, 44.54; H, 3.91; N,

4.97%.

Synthesis of [{ferrocenylpyrazolyl-methylenepyridine} palladium(l1l) chloride] (3a and
3b)

A mixture of L3a and L3b (0.0995 g, 0.290 mmol) was added to [PdCI,(NCMe),] (0.0751 g,
0.290 mmol) to afford a light brown mixture of 3a and 3b. Yield = 80% (0.12 g). *H NMR,
(CDCls, 400 MHz): 3.97 (s, 5H, n°-CsHa); 4.04 (s, 5H, n°-CsHa)iso; 4.36 (S, 2H, n>-CsHa); 4.41

(s, 2H, n°-CsHa)iso; 4.45 (5, 2H, n°-CsHa); 4.80 (s, 2H, 1°-CsHa)iso; 5.68 (S, 2H, CH,); 5.85 (s,
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2H, CHy)iso; 6.37 (s, 1H, p2)iso; 6.42 (s, 1H, pz); 7.41 (d, 1H, Jun = 6.8 Hz, py); 7.47 (d, 1H,
Jun = 6.8 Hz, py)iso; 7.61(d, 1H, Jun = 6.8 Hz, py); 7.71 (s, 1H, pz); 7.92 (m, 1H, py); 9.08 (d,
1H, Jun = 4.0 Hz, py); 9.30 (d, 1H, Jun = 3.6 Hz, py)iso- “C{*H} NMR (CDCls) &: 56.3; 58.0;
67.6; 68.8; 69.2; 69.9; 70.4; 70.7; 105.7; 106.4; 121.9; 122.8; 123.8; 124.5; 131.6; 137.7,
140.1; 150.5; 150.7; 153.2; 158.3; 159.0. Anal. Calcd. for C1gH17;CloFeNsPd: C, 43.84; H,

3.29; N, 8.07%. Found: C, 43.86, H, 3.61; N, 7.80%.

Synthesis of [{3-ferrocenyl-5-methylpyrazolyl-methylenepyridine}palladium(l1) chloride]
(4a and 4b)

A mixture of L4a and L4b (0.0997 g, 0.280 mmol) was added to a [PdCI,(NCMe),] (0.0725 g,
0.280 mmol) to give a light brown solid of 4a and 4b. Yield = 82% (0.12 g). 'H NMR,
(CDCls, 400 MHz): § 2.44 (s, 3H, CHa)iso; 2.64 (s, 3H, CHs); 4.00 (s, 5H, n°-CsHa); 4.20 (s,
5H, 1°-CsHa)iso; 4.30 (s, 2H, n°-CsHa); 4.43 (s, 2H, 1°-CsHa); 4.81 (s, 5H, 1°-CsHa)iso; 5.54 (S,
2H, CH,); 5.82 (s, 2H, CHy)iso; 6.17 (s, 1H, pz); 6.20 (s, 1H, pz)iso; 7.28 (d, 1H, Jyn = 7.6 Hz,
py); 7.43 (d, 1H, Jun = 8.0 Hz, py); 7.49 (t, 1H, Jun = 6.0 Hz, py); 7.85 (t, 1H, Jun = 7.6 Hz,
PY)iso; 7.92 (d, 1H, Iy = 7.6 Hz, py); 9.08 (d, 1H, Jun = 4.0 Hz, py). *C{*H} NMR (CDCl;)
0:12.1; 13.9; 55.7; 56.1; 69.6; 69.9; 71.2; 72.0; 74.9; 75.2; 76.1; 105.9; 106.6; 122.6; 123.3;
123.9; 124.3; 137.2; 140.0; 142.5; 149.3; 115.0.; 150.1; 152.4; 158.6; 159.7. Anal. Calcd for

Ca0H19CloFeNsPd: C, 44.94; H, 3.58; N, 7.86%. Found: C, 44.54, H, 3.78; N, 7.56%.

Molecular structure determination by single crystal X-ray analysis
Single-crystal X-ray diffraction data for L2, L3a, L4a, 2a, 2b.C;Hg and 3a.CH,Cl, were

collected on a Bruker APEXII diffractometer with Mo Ka (A = 0.71073 A) radiation and
diffractometer to crystal distance of 5.00 cm. The following is a typical experiment conducted
in the case of structure L2.The initial cell matrix was obtained from three series of scans at

different starting angles. Each series consisted of 12 frames collected at intervals of 0.5° in a
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6° range about with an exposure time of 10 s per frame. The reflections were successfully
indexed by an automated indexing routine built in the APEXII program suite. The data were
collected using the full sphere data collection routine to survey the reciprocal space to the
extent of a full sphere to a resolution of 0.75 A. Data were harvested by collecting 2982
frames at intervals of 0.5° scans in @ and @ with exposure times of 10 s per frame.”® A
successful solution by the direct methods of SHELXS97 provided all non-hydrogen atoms
from the E-map. All non-hydrogen atoms were refined with anisotropic displacement
coefficients. All hydrogen atoms were included in the structure factor calculation at idealized
positions and were allowed to ride on the neighbouring atoms with relative isotropic

displacement coefficients.*

Catalysis procedure

In a typical reaction a parallel reactor tube was charged with 5 umol of a catalyst precursor
and 30 mL of dry hexane. The tube was mounted on the reactor, filled with nitrogen and
evacuated three times before finally filling it with nitrogen followed by addition of 4 mL of
monomer. A 10 mL solution EtAICI, (200 equivalents) in hexane was then added to the
reaction vessel. The reaction mixture was stirred for the appropriate time, after which the
reaction was quenched with about 5 mL of 10% HCI in methanol and water. The organic
phase was then separated from the aqueous phase and washed three times with water. The
organic phase was dried over anhydrous MgSQ,, some sampled for GC analysis and solvent

evaporated to obtain the oily product.

General characterization of branched polyolefin
Branched polymers were characterized using GPC, *H (Figure S4) and *C{*H} NMR (Figure

7) spectroscopy.
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Supporting Information

Electronic Supporting Information (ESI): This material is available free of charge.
Crystallographic data has been deposited with the Cambridge Crystallographic Data Centre
with CCDC 962789 (2a), 962790 (2b), 962791 (3a), 962792 (L2), 962793 (L3a) and 962794
(L4a). Copies of this information may be obtained free of charge from the Director, CCDC,
12 Union Road, Cambridge, CB2 1EZ, UK (fax: +44-1223-336063; e-mail:

deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk.
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(Ferrocenylpyrazolyl)palladium complexes that catalyse the polymerization of 1-heptene and 1-octene to
highly branched polyolefins are reported.
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