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Nickel and palladium complexes with fluorinated
alkyl substituted α-diimine ligands for living/
controlled olefin polymerization†

Robert Mundil, a Anatolij Sokolohorskyj,a Jan Hošek,b Josef Cvačka, c

Ivana Císařová,d Jaroslav Kvíčala b and Jan Merna *a

A series of six nickel and two palladium novel complexes bearing α-diimine ligands with fluorinated alkyl

substituents in para-aryl positions was prepared. Two nickel complexes were structurally characterized by

X-ray diffraction. Upon activation by methylaluminoxane or borate, the complexes were tested in ethene,

propene, and hex-1-ene polymerization using toluene and chlorobenzene. Propene and hex-1-ene

polymerization initiated by nickel complexes and ethene polymerization initiated by palladium complexes

showed living/controlled character and yielded high molar mass polyolefins with narrow molar mass dis-

persity (Đ < 1.2). The effect of fluoroalkyl substituents on catalyst activity, thermal stability and chain-

walking is only minor. The branching density of polyolefins can be regulated more efficiently by the vari-

ation of ortho-aryl and backbone substituents of α-diimine ligands. The topology of polyethylenes pre-

pared by palladium complexes at low ethene pressure is dendritic as shown by Mark–Houwink plots and

g’ values obtained from SEC with viscometric detection. The solubility of most of the complexes in fluori-

nated solvents is limited with the exception of palladium methyl chloride derivatives which suggest the

promising method for further design of catalysts suitable for interphase polymerization.

Introduction

In 1995, Johnson et al.1 reported the synthesis and olefin
polymerization activity of α-diimine complexes of nickel and
palladium. These systems were unique among late metal cata-
lysts in their ability to produce high molar mass materials,
rather than oligomers, from both ethene and higher α-olefins.
They showed low oxophilicity and therefore higher tolerance to
polar functional groups.2,3 A characteristic feature of these cat-
alysts is the chain-walking reaction in which the growing
center migrates along the growing polymer chain through a
series of β-hydride elimination and reinsertion steps. Chain-
walking enables the formation of various types of polyethyl-

enes ranging from almost linear to hyperbranched ones.1,4 In
contrast, higher α-olefins are straightened after their insertion
and form more linear polymers.5,6 α-Diimine nickel and palla-
dium complexes also belong among the few catalytic systems
suitable for living olefin polymerization allowing the prepa-
ration of block olefin copolymers including stereoblock
copolymers.7–14 Since Brookhart’s original discoveries,1,7 an
enormous number of scientific reports have been published in
the field of olefin polymerization catalyzed by α-diimine com-
plexes.2,3 The catalytic activity and polymerization behavior of
α-diimine complexes were tuned by changing ligand steric
bulkiness,12,15–18 disrupting symmetry,10,19–22 reducing the
imine group23–25 or by changing the ligand electronic structure
via different substituents.26,27

Relatively low attention was paid to substituents containing
fluorine atoms. Fig. 1 gives a generalized overview of already
synthesized fluorinated α-diimine ligands that were used for
the synthesis of nickel or palladium olefin polymerization cat-
alysts. The effect of the CF3 group in a para-aryl position of pal-
ladium α-diimine complexes (I, Fig. 1) and its influence on the
catalytic behavior in ethene polymerization were studied by
Guan.26,27 It was shown that using catalysts with an electron-
withdrawing CF3 group resulted in a lower activity and lower
molar mass of the synthesized polyethylenes. On the other
hand, the study of polyethylene topology showed more dendri-
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tic structures of polyethylenes from CF3 substituted complexes
than for those that were produced by catalysts bearing elec-
tron-donating ligands. Nickel and palladium α-diimine com-
plexes bearing fluorinated cyclophane ligands (II, Fig. 1) were
synthesized by Guan et al.28 and studied in ethene polymeriz-
ation. Nickel derivatives showed higher thermal stability and
Pd complexes provided polyethylenes with higher molar
masses than their non-fluorinated analogs. Both, Ni and Pd,
complexes produced polyethylenes with a significant decrease
in branching density due to the direct interaction between the
fluorine atom of the cyclophane ligand and the central metal
which suppressed chain-walking. The same influence of fluo-
rine was observed for another series of α-diimine Ni complexes
bearing the fluorine atom in ortho-aryl positions (III,
Fig. 1).29,30 A series of unsymmetrical α-diimine nickel com-
plexes with an acenaphthene backbone and with one fluori-
nated N-aryl ring was synthesized (IV, Fig. 1).31 These fluori-
nated nickel complexes exhibited higher activities toward
ethene polymerization than related non-fluorinated systems.
Different series of unsymmetrical α-diimine nickel complexes
bearing the acenaphthene backbone and CF3 or C6F5 substitu-
ents in ortho-aryl positions (V, Fig. 1) were published by
Brookhart and co-workers.32 The presence of the CF3 group
was found to increase the activity towards ethene
polymerization.

Another reason for the incorporation of fluorinated substi-
tuents into the structure of catalytic complexes is increasing of
fluorophilicity. Highly fluorinated compounds could be used
for interphase catalysis utilizing a mixture of immiscible
fluorophilic and aprotic non-polar solvents. Such a reaction
setup allows an easy recycling of the catalyst or, in the case of
polymers, preparation of a product with controlled mor-
phology. Salicylaldiminato nickel complexes with fluorinated
substituents were synthesized especially for studying dis-

persion polymerization behavior in supercritical carbon
dioxide (scCO2).

33,34 Bis(imino)pyridyl complexes of iron and
cobalt with perfluorinated substituents for ethene polymeriz-
ation were also synthesized.35

Despite numerous reports describing polymerization behav-
ior of fluorinated α-diimine complexes, there have not been
published reports on any complexes bearing longer fluorinated
alkyl chains. According to the promising impact of fluorinated
substituents (F, CF3) on the catalytic behavior of α-diimine
complexes toward olefin polymerization, we decided to syn-
thesize novel α-diimine nickel and palladium complexes with
fluorinated tails in para-aryl positions (Fig. 2). Another motiv-
ation to synthesize these complexes was their potential to be
utilized for interphase polymerization or for polymerization in
scCO2. The obtained complexes were studied for polymeriz-
ations of basic olefins (ethene, propene, and hex-1-ene).
Catalytic activity and influence on the chain-walking mecha-
nism were investigated and compared to non-fluorinated
analogs.

Experimental section
Materials

All manipulations with air-sensitive compounds were done
using standard Schlenk techniques. Nitrogen (SIAD, 99.999%),
ethene (SIAD, 99.9%) and propene (SIAD, 99.5%) were purified
by passing through a column packed with a Cu-catalyst and
molecular sieves to remove traces of oxygen and water.
Toluene (p.a., Penta) was dried over sodium and distilled
under nitrogen. Chlorobenzene (p.a., Penta) was dried over
CaH2 and distilled under nitrogen. Dichloromethane (p.a.,
Penta) was dried over CaH2 and cryodistilled under nitrogen.
Hex-1-ene (99%, Aldrich) was dried over sodium/potassium
alloy and distilled under nitrogen. Methylaluminoxane (MAO,
10 wt% solution in toluene), 2,6-diisopropylaniline, 2,6-di-
methylaniline, acenaphthenequinone, 2 M solution of tri-
methylaluminium in hexane, 2 M solution of lithium alu-
minium hydride in Et2O, 2,3-butanedione, thionyl chloride,
palladium on carbon (10 wt%), 40% aqueous solution of
glyoxal and Novec™ 7100 (methoxy-nonafluorobutanes) were
purchased from Sigma-Aldrich and used as received.
Perfluorohexyliodide was purchased from Apollo Scientific,

Fig. 1 Different fluorinated ligands applied in olefin polymerization
catalysts.

Fig. 2 Prepared nickel and palladium α-diimine catalyst precursors
used in this study.
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1H,1H,2H-perfluorooctene was kindly donated by Atochem
and HFE 7100 liquid by 3M. 2,6-Dimethyl-4-(1H,1H,2H,2H-per-
fluorooctyl)aniline (A1) and 2,6-dimethyl-4-perfluorohexyl-
aniline (A2) were obtained according to the method described
in the literature.36,37 Methanol and ethanol for the reaction
were purchased from Penta s.r.o. and used without any other
purification or drying. Diethyl ether, DMF, and THF for reac-
tion were used from a solvent purification system (PureSolv™).
Nickel complexes 7, 8 1 and palladium complexes 11, 12 1,26

were synthesized according to the reported procedures.
Catalysts were dosed as a solid directly to the polymerization
vessel or in the form of dichloromethane solution that was
stored at 5 °C.

Characterization

Elemental analyses (C, H, N) of new complexes were performed
on an Elementar Vario EL III Analyzer. Elemental analysis of
highly fluorinated compounds, including perfluoroalkylated
ponytail derivatives, was not performed due to the poor com-
bustion of such species,38–40 which can be overcome only with
specialized analytical instrumentation.41 The unsatisfactory
analysis was found even for single perfluoroalkyl chains,
which (as expected)38 worsened with an increasing fluorine
content.42,43 Consistent with standard practice in heavy fluor-
ous chemistry, compound identity and purity were gauged
from HRMS data and detailed NMR analysis.44–51

Fourier transform infrared spectroscopy (FT-IR) measure-
ments were performed on a NICOLET iS50R spectrometer
(Thermo Scientific, USA). A Diamond ATR crystal and a DTGS
detector were used for the measurements in the range of
4000–400 cm−1.

MALDI-TOF mass spectrometry measurements were per-
formed on an UltrafleXtreme instrument equipped with a
1 kHz Smartbeam II Laser (Bruker Daltonik GmbH, Bremen,
Germany) operated in the reflectron mode with an acceleration
voltage of 25 kV and 2,5-dihydroxybenzoic acid as a matrix.
APCI mass spectra were recorded using an LTQ Orbitrap XL
hybrid mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) operated at a resolution of 100 000. The
APCI source vaporizer and heated capillary temperatures were
set to 450 °C and 340 °C, respectively. The samples dissolved
in acetonitrile were directly infused into the ion source.

1H NMR spectra of anilines, ligands, complexes, branched
polyethylenes from Pd catalysis, polypropylenes, and poly(hex-
1-enes) were recorded at 500 MHz in CDCl3 at 25 °C. Linear
polyethylenes were measured in C2D2Cl4 at 120 °C. A total
number of branches per 1000 carbon atoms (N) was deter-
mined by integrating methyl proton signals with respect to
signals of all protons in the 1H NMR spectrum and calculated
using the formula:

N ¼ 2ðICH3Þ
3ðICHþCH2þCH3Þ

� 1000

19F NMR spectra were recorded at 500 MHz using CCl3F as
the internal standard. 13C NMR spectra of branched polyethyl-
enes and polypropylenes were recorded at 500 MHz in CDCl3

at 25 °C using the INVGATE pulse sequence, 10 s relaxation
delay, and 5000 scans to ensure quantitative spectra. All
spectra were recorded on a Bruker Avance DRX 500
spectrometer.

Molar masses of linear polyethylenes were determined by
using a high-temperature GPC-IR instrument (Polymer Char)
equipped with an infrared and viscometric detector.
Separation was performed on two Olexis mixed columns
(Polymer Laboratories, 13 µm) at 150 °C in 1,2,4-trichloroben-
zene at an elution rate of 1 ml min−1. Molar masses were cal-
culated using the universal calibration approach in GPC One
software.

Molar masses of branched polyethylenes obtained by Pd
complexes, polypropylenes, and poly(hex-1-enes) were deter-
mined using a Waters Breeze chromatographic system
equipped with an RI detector operating at 880 nm and multi-
angle laser light scattering (MALLS) miniDawn TREOS from
Wyatt operating at 658 nm. Separations were performed with
two columns (Polymer Laboratories Mixed C) at 35 °C in THF
at an elution rate of 1 ml min−1.

DSC measurements were performed on a TA Instrument
module Q100 at a rate of 10 °C min−1 for both heating and
cooling. Melting temperatures and enthalpies of fusion were
obtained from the second heating run. Enthalpy of the fusion
297 J g−1 for hypothetical 100% crystalline polyethylene was
used to calculate the degree of crystallinity.52

Crystallographic data for 4 and 6 were collected on a Bruker
D8 VENTURE Kappa Duo PHOTON100 by IμS with Mo Kα
0.71073 Å at a temperature of 150(2) K. The absorption correc-
tions were carried out using a numerical method based on
crystal shape.

The structures were solved by direct methods (XP)53 and
refined by full matrix least squares based on F2

(SHELXL2014).54 The hydrogen atoms on carbons were fixed
into idealized positions (riding model) and assigned tempera-
ture factors, either Hiso(H) = 1.2Ueq(pivot atom) or Hiso(H) =
1.5Ueq for the methyl moiety. The structure of 6 is complicated
by the presence of a large amount of solvent in the unit cells,
from which only one molecule of dichloromethane could be
discerned. To improve the precision of parameters of the Ni
complex the PLATON/SQUEEZE55 procedure was used to
correct the data of 6 for the presence of the other disordered
solvents.

Crystallographic data for structural analysis of 4 and 6 have
been deposited with the Cambridge Crystallographic Data
Centre, CCDC no. 1810825 and 1810826,† respectively.

Synthesis of fluorinated anilines

2,6-Diisopropyl-4-perfluorohexylaniline (A3). To a solution of
2,6-diisopropylaniline (2.00 g, 11.3 mmol) in 50% aqueous
THF (40 mL) was added perfluorohexyliodide (5.03 g,
11.3 mmol), followed by sodium hydrosulfite (1.97 g,
11.3 mmol), tetrabutylammonium hydrogen sulphate (0.38 g,
1.13 mmol) and sodium hydrogen carbonate (0.95 g,
11.3 mmol). After 3 days of stirring at laboratory temperature,
more of perfluorohexyliodide (2.50 g, 11.3 mmol), sodium
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hydrosulfite (1.97 g, 11.3 mmol) and sodium hydrogen carbon-
ate (0.95 g, 11.3 mmol) were added. After 2 days of stirring at
laboratory temperature, THF was removed on a rotary evapor-
ator and the aqueous phase with oily residue was extracted
with Et2O (3 × 30 mL). The combined organic layers were
washed with brine, dried over MgSO4 and the solvent was
removed on a rotary evaporator. Purification by low-tempera-
ture extraction in a biphasic system of 1,2-dichlorethane/
methyl(perfluorobutyl)ether (HFE 7100) followed by washing
through a short plug of silica (eluent Et2O) afforded the
desired aniline A3 (3.65 g, 65.3%, orange oil). 1H NMR
(299.97 MHz, CDCl3): δ 1.29 (d, 3JH–H = 6.8 Hz, 12H, CH
(CH3)2), 2.91 (sept, 3JH–H = 6.8 Hz, 2H, CH(CH3)2), 3.89 (br s,
2H, NH2), 7.19 (s, 2H, Ar–CH) ppm. 19F NMR (282.23 MHz,
CDCl3): δ −81.3 (tt, 4JF–F = 10 Hz, 3JF–F = 3 Hz, 3F, CF3CF2),
−109.9 (m, 2F, CF2CH2), −122.1 (m, 2F, CF2CF2CH2), −122.4
(m, 2F, CF3CF2CF2CF2), −123.3 (m, 2F, CF3CF2CF2), −126.7 (m,
2F, CF3CF2) ppm. 13C NMR (100.58 MHz, CDCl3): δ 22.3 (4C,
CH(CH3)2), 28.1 (2C, CH(CH3)2), 105–123 (m, 6C, 5 × CF2, 1 ×
CF3), 117.9 (t, 2JF–C = 24 Hz, 1C, Ar–CCF2), 121.7 (tm, 3JF–C =
7 Hz, 2C, Ar–CH), 132.0 (2C, Ar–CCH(CH3)2), 143.7 (t, 5JF–C =
2 Hz, 1C, Ar–CNH2) ppm. MS (EI), m/z (%): 495 [M]+ (80), 480
[M − CH3]

+ (85), 226 [M − C5F11]
+ (100). HRMS (EI): calculated

for C18H18F13N ([M]+) 495.1232, found 495.1234.
2,6-Dimethyl-4-(1H,1H-perfluorohexyl)aniline (A4). To a

stirred solution of 2,6-dimethyl-4-perfluorohexylaniline (A2,
1.00 g, 2.28 mmol) in Et2O (20 mL) was added 2 M solution of
lithium aluminium hydride in Et2O (5.50 ml, 11.4 mmol) at
0 °C. The cooled reaction mixture was carefully quenched with
a saturated solution of NH4Cl (5 mL) after 12 h at laboratory
temperature and 6 h under reflux. Water (40 mL) and Et2O
(20 mL) were then added, the organic phase was separated and
the aqueous phase was extracted with Et2O (2 × 15 mL). The
combined organic layers were dried over MgSO4. The solvent
was removed on a rotary evaporator affording the desired
aniline A4 in sufficient purity (0.87 g, 94.5%, light yellow solid,
m.p.: 44–46 °C). 1H NMR (299.97 MHz, CDCl3): δ 2.19 (s, 6H,
CH3), 3.22 (t, 3JF–H = 19.3 Hz, 2H, CH2CF2), 3.61 (br s, 2H,
NH2), 6.88 (s, 2H, Ar–CH) ppm. 19F NMR (282.23 MHz, CDCl3):
δ −81.3 (tt, 4JF–F = 10 Hz, 3JF–F = 2 Hz, 3F, CF3), −114.1 (m, 2F,
CF2CH2), −123.1 (m, 2F, CF2CF2CH2), −123.7 (m, 2F,
CF3CF2CF2), −126.8 (m, 2F, CF3CF2) ppm. 13C NMR
(100.58 MHz, CDCl3): δ 17.7 (2C, CH3), 36.4 (t, 2JF–C = 22 Hz,
2C, CH2CF2), 105–115 (m, 4C, 4 × CF2), 117.2 (tt, 1JF–C =
254 Hz, 2JF–C = 32 Hz, 1C, CH2CF2), 117.5 (qt, 1JF–C = 288 Hz,
2JF–C = 33 Hz, 1C, CF3), 117.7 (t, 3JF–C = 2 Hz, 1C, Ar–CCH2CF2),
121.9 (2C, Ar–CCH3), 130.8 (2C, Ar–CH), 142.8 (1C, Ar–CNH2)
ppm. MS (ESI), m/z (%): 404 [M + H]+ (100). HRMS (ESI): calcu-
lated for C14H13F11N ([M + H]+) 404.0867, found 404.0872.

2,6-Diisopropyl-4-(1H,1H-perfluorohexyl)aniline (A5). To a
stirred solution of 2,6-diisopropyl-4-perfluorohexylaniline (A3,
2.90 g, 5.86 mmol) in Et2O (20 mL) was added a 2 M solution
of lithium aluminium hydride in Et2O (7.00 ml, 14.0 mmol) at
0 °C. The cooled reaction mixture was carefully quenched with
a saturated solution of NH4Cl (5 mL) after 48 h of heating at
45 °C. Water (100 mL) and Et2O (20 mL) were then added, the

organic phase was separated and the aqueous phase was
extracted with Et2O (2 × 20 mL). The combined organic layers
were dried over MgSO4 and the solvent was removed on a
rotary evaporator affording the desired product A5 in sufficient
purity (2.49 g, 92.5%, orange oil). 1H NMR (399.94 MHz,
CDCl3): δ 1.28 (d, 3JH–H = 6.8 Hz, 12H, CH(CH3)2), 2.93 (sept,
3JH–H = 6.8 Hz, 2H, CH(CH3)2), 3.27 (t, 3JF–H = 19.3 Hz, 2H,
CH2CF2), 3.77 (br s, 2H, NH2), 6.93 (s, 2H, Ar–CH) ppm.
19F NMR (282.23 MHz, CDCl3): δ −81.3 (tt, 4JF–F = 10 Hz, 3JF–F =
3 Hz, 3F, CF3CF2), −114.2 (m, 2F, CF2CH2), −123.1 (m, 2F,
CF2CF2CH2), −123.7 (m, 2F, CF3CF2CF2), −126.8 (m, 2F,
CF3CF2) ppm. 13C NMR (100.58 MHz, CDCl3): δ 22.5 (4C, CH
(CH3)2), 28.0 (2C, CH(CH3)2), 36.9 (t, 2JF–C = 22 Hz, 2C,
CH2CF2), 105–125 (m, 5C, 4 × CF2, 1 × CF3), 118.3 (m, 1C,
Ar–CCH2CF2), 125.6 (2C, Ar–CH), 132.7 (2C, Ar–CCH(CH3)2),
140.3 (1C, Ar–CNH2) ppm. MS (EI), m/z (%): 459 [M]+ (95), 444
[M − CH3]

+ (100), 190 [M − C5F11]
+ (45). HRMS (EI): calculated

for C18H20F11N ([M]+) 459.1420, found 459.1422.

Ligand synthesis

N,N′-Bis(2,6-dimethyl-4-(1H,1H-perfluorohexyl)phenyl)ethane-
1,2-diimine (L1). To a stirred solution of 2,6-dimethyl-4-
(1H,1H-perfluorohexyl)aniline (A4, 0.80 g, 1.98 mmol) in
ethanol (6 mL) was added a 40% aqueous solution of glyoxal
(0.12 ml, 0.99 mmol). The resulting mixture was stirred for two
days at room temperature during which most of the solid
diimine precipitated from solution. The crystals were collected
and washed with ethanol (20 mL). The mother liquor was
evaporated and chloroform (5 mL) was added. The second part
of crystals was collected and after washing with ethanol both
parts of crystalline diimine were combined and dried on the
vacuum pump to afford product L1 (0.635 g, 77.3%, light
yellow solid, m.p.: 166–168 °C). 1H NMR (399.94 MHz, CDCl3):
δ 2.19 (s, 12H, CH3), 3.30 (t, 3JF–H = 19.0 Hz, 4H, CH2CF2), 7.02
(s, 4H, Ar–CH), 8.12 (s, 2H, NvCH) ppm. 19F NMR
(282.23 MHz, CDCl3): δ −81.3 (t, 4JF–F = 10 Hz, 6F, CF3), −113.8
(m, 4F, CF2CH2), −123.1 (m, 4F, CF2CF2CH2), −123.7 (m, 4F,
CF3CF2CF2), −126.8 (m, 4F, CF3CF2) ppm. 13C NMR
(100.58 MHz, CDCl3): δ 18.3 (4C, CH3), 36.9 (t, 2JF–C = 22 Hz,
2C, CH2CF2), 105–125 (m, 10C, 8 × CF2, 2 × CF3), 125.4 (2C, Ar–
CCH2CF2), 127.0 (4C, Ar–CCH3), 130.9 (4C, Ar–CH), 150 (2C,
Ar–CNvC), 163 (2C, NvCH) ppm. MS (ESI), m/z (%): 829
[M + H]+ (100). HRMS (ESI): calculated for C30H23F22N2

([M + H]+) 829.1505, found 829.1510. IR (ATR, diamond)
1627 cm−1 (CvN).

N,N′-Bis(2,6-dimethyl-4-(1H,1H,2H,2H-perfluorooctyl)phenyl)
ethane-1,2-diimine (L2). To a stirred solution of 2,6-dimethyl-
4-(1H,1H,2H,2H-perfluorooctyl)aniline (A1, 1.10 g, 2.35 mmol)
in ethanol (15 mL) was added a 40% aqueous solution of
glyoxal (0.35 ml, 3.06 mmol) followed by formic acid (3 drops).
The resulting mixture was stirred for two days at room temp-
erature during which most of the solid diimine precipitated
from solution. The crystals were collected and washed with
ethanol (20 mL). The mother liquor was evaporated to resul-
tant 5 ml of final volume and the second part of crystals was
collected and washed with ethanol (10 mL). Both parts of crys-
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talline diimine were combined and dried on the vacuum
pump to afford product L2 (0.93 g, 82.6%, yellow solid, m.p.:
111–112 °C). 1H NMR (299.97 MHz, CDCl3): δ 2.18 (s, 12H,
CH3), 2.28–2.48 (m, 4H, CH2CH2CF2), 2.81–2.90 (m, 4H,
CH2CH2CF2), 6.95 (s, 4H, Ar–CH), 8.10 (s, 2H, NvCH) ppm.
19F NMR (282.23 MHz, CDCl3): δ −81.3 (tt, 4JF–F = 10 Hz, 3JF–F =
3 Hz, 6F, CF3), −115.2 (m, 4F, CF2CH2), −122.4 (m, 4F,
CF2CF2CH2), −123.4 (m, 4F, CF3CF2CF2CF2), −124.0 (m, 4F,
CF3CF2CF2), −126.7 (m, 4F, CF3CF2) ppm. 13C NMR
(75.44 MHz, CDCl3): δ 18.4 (4C, CH3), 26.0 (t, 3JF–C = 4 Hz, 2C,
CH2CH2CF2), 33.3 (t, 2JF–C = 22 Hz, 2C, CH2CH2CF2), 105–125
(m, 12C, 10 × CF2, 2 × CF3), 127.2 (4C, Ar–CCH3), 128.4 (4C,
Ar–CH), 135.7 (2C, Ar–C), 148.6 (2C, Ar–C), 163.7 (2C, NvCH)
ppm. MS (ESI), m/z (%): 957 [M + H]+ (100), 611
[M − C8F13H2]

+ (30). HRMS (ESI): calculated for C34H27N2F26
([M + H]+) 957.1754, found 957.1756. IR (ATR, diamond)
1626 cm−1 (CvN).

N,N′-Bis(2,6-dimethyl-4-(1H,1H-perfluorohexyl)phenyl)butane-
2,3-diimine (L3). To a stirred solution of 2,6-dimethyl-4-
(1H,1H-perfluorohexyl)aniline (A4, 0.47 g, 1.17 mmol) in
ethanol (7 mL) was added 2,3-butanedione (51 mg,
0.583 mmol) followed by formic acid (10 drops). The resulting
mixture was stirred for two days at room temperature during
which most of the solid diimine precipitated from solution.
The crystals were collected and washed with precooled
(−70 °C) ethanol (20 mL). The mother liquor was evaporated
to resultant 5 ml of final volume and stirred overnight (12 h) at
45 °C. The second part of crystals was collected and after
washing with precooled ethanol both parts of crystalline
diimine were combined and dried on the vacuum pump to
afford product L3 (0.344 g, 68.9%, light yellow solid, m.p.:
145–147 °C). 1H NMR (399.94 MHz, CDCl3): δ 2.05 (s, 12H,
CH3), 2.05 (s, 6H, CH3), 3.30 (t, 3JF–H = 19.0 Hz, 4H, CH2CF2),
7.01 (s, 4H, Ar–CH) ppm. 19F NMR (282.23 MHz, CDCl3):
δ −81.3 (tm, 4JF–F = 10 Hz, 6F, CF3), −113.7 (m, 4F, CF2CH2),
−123.1 (m, 4F, CF2CF2CH2), −123.6 (m, 4F, CF3CF2CF2),
−126.8 (m, 4F, CF3CF2) ppm. 13C NMR (100.58 MHz, CDCl3):
δ 16.1 (2C, CH3), 17.9 (4C, Ar–CCH3), 36.6 (t, 2JF–C = 22.2 Hz,
2C, CF2CH2), 105–125 (m, 10C, 8 × CF2, 2 × CF3), 123.6 (2C, Ar–
CCH2CF2), 125.2 (4C, Ar–CCH3), 130.6 (4C, Ar–CH), 148.3 (2C,
Ar–CNvC), 168.4 (2C, NvC) ppm. MS (MALDI), m/z (%): 857
[M + H]+ (100). HRMS (MALDI): calculated for C32H27F22N2

([M + H]+) 857.1817, found 857.1848. IR (ATR, diamond)
1645 cm−1 (CvN).

N,N′-Bis(2,6-diisopropyl-4-(1H,1H-perfluorohexyl)phenyl)
butane-2,3-diimine (L4). To a stirred solution of 2,6-diisopro-
pyl-4-(1H,1H-perfluorohexyl)aniline (A5, 1.00 g, 2.18 mmol) in
methanol (10 mL) was added 2,3-butanedione (188 mg,
2.18 mmol) followed by formic acid (15 drops). The resulting
mixture was stirred for two days at 45 °C during which most of
the solid diimine precipitated from solution. The crystals were
collected and washed with precooled (−70 °C) in methanol
(20 mL). The mother liquor was evaporated to resultant 5 ml
of final volume and stirred overnight (12 h) at 45 °C. The
second part of crystals was collected and after washing with
precooled methanol both parts of crystalline diimine were

combined and dried on the vacuum pump to afford product
L4 (0.805 g, 76.3%, light yellow solid, m.p.: 134–136 °C). 1H
NMR (299.97 MHz, CDCl3): δ 1.17 (d, 3JH–H = 6.8 Hz, 12H, CH
(CH3)2), 1.19 (d, 3JH–H = 6.9 Hz, 12H, CH(CH3)2), 2.05 (s, 6H,
CH3), 2.70 (sept, 3JH–H = 6.8 Hz, 4H, CH(CH3)2), 3.35 (t, 3JH–F =
19.2 Hz, 4H, CF2CH2), 7.05 (s, 4H, Ar–CH) ppm. 19F NMR
(282.23 MHz, CDCl3): δ −81.3 (tm, 4JF–F = 10 Hz, 6F, CF3),
−113.9 (m, 4F, CF2CH2), −123.1 (m, 4F, CF2CF2CH2), −123.6
(m, 4F, CF3CF2CF2), −126.8 (m, 4F, CF3CF2) ppm. 13C NMR
(100.58 MHz, CDCl3): δ 16.1 (2C, CH3), 22.8 (4C, CH(CH3)2),
23.1 (4C, CH(CH3)2), 28.7 (4C, CH(CH3)2), 37.2 (t, 2JF–C =
22.2 Hz, 2C, CF2CH2), 124.1 (m, 2C, Ar–CCH2CF2), 125.9
(4C, Ar–CH), 135.6 (4C, Ar–CCH(CH3)2), 146.1 (2C, Ar–CNvC),
168.5 (2C, NvC) ppm. MS (MALDI), m/z (%): 969 [M + H]+

(100). HRMS (MALDI): calculated for C40H43F22N2 ([M + H]+)
969.3069, found 969.3057. IR (ATR, diamond) 1651 cm−1

(CvN).
N,N′-Bis(2,6-diisopropyl-4-(1H,1H-perfluorohexyl)phenyl)ace-

naphthylene-1,2-diimine (L5). To a stirred solution of
2,6-dimethyl-4-(1H,1H-perfluorohexyl)aniline (A4, 0.45 g,
1.12 mmol) in methanol (15 mL) was added acenaphthenequi-
none (86 mg, 0.472 mmol) followed by formic acid (6 drops).
After two days of stirring at room temperature, the solvent was
removed on a rotary evaporator and the resulting orange solid
was extracted with hot hexane (3 × 10 mL). The combined
hexane fractions were cooled down, precipitated crystals were
collected and washed with precooled (−70 °C) ethanol. The
mother liquor was evaporated and the second part of crystals
was obtained after recrystallization from EtOH/H2O. Both parts
of crystalline diimine were combined and dried on the vacuum
pump to afford product L5 (0.385 g, 72.4%, yellow solid, m.p.:
180–181 °C). 1H NMR (299.97 MHz, CDCl3): δ 2.14 (s, 12H,
CH3), 3.40 (t, 3JH–F = 19.1 Hz, 4H, CF2CH2), 6.67 (d, 3JH–H =
7.2 Hz, 2H, Ar–H), 7.10 (s, 4H, Ar–H), 7.38 (dd, 3JH–H = 7.2 and
8.2 Hz, 2H, Ar–H), 7.92 (d, 3JH–H = 8.2 Hz, 2H, Ar–H) ppm.
19F NMR (282.23 MHz, CDCl3): δ −81.2 (tt, 4JF–F = 10 Hz, 5JF–F =
3 Hz, 6F, CF3), −113.2 (m, 4F, CF2CH2), −123.1 (m, 4F,
CF2CF2CH2), −123.4 (m, 4F, CF3CF2CF2), −126.7 (m, 4F,
CF3CF2) ppm. 13C NMR (100.58 MHz, CDCl3): δ 17.9 (4C, CH3),
37.0 (t, 2JF–C = 22.2 Hz, 2C, CF2CH2), 105–125 (m, 10C, 8 × CF2,
2 × CF3), 122.7 (2C, Ar2–CH), 124.1 (2C, Ar1–CCH2CF2), 125.4
(4C, Ar1–CCH3), 128.5 (2C, Ar2–CH), 129.3 (2C, Ar2–CH), 129.5
(2C, Ar2–C), 130.9 (4C, Ar1–CH), 131.2 (1C, Ar2–C), 140.8
(1C, Ar2–C), 149.3 (2C, Ar1–CNvC), 161.3 (2C, CvN) ppm. MS
(ESI), m/z (%): 953 [M + H]+ (100). HRMS (ESI): calculated for
C40H27F22N2 ([M + H]+) 953.1818, found 953.1820 or
C40H26F22N2Na ([M + Na]+) 975.1637, found 975.1638. IR (ATR,
diamond) 1666 cm−1 (CvN).

N,N′-Bis(2,6-diisopropyl-4-(1H,1H-perfluorohexyl)phenyl)ace-
naphthylene-1,2-diimine (L6). To a stirred solution of 2,6-diiso-
propyl-4-(1H,1H-perfluorohexyl)aniline (A5, 1.00 g, 2.18 mmol)
in methanol (20 mL) was added acenaphthenequinone
(168 mg, 0.921 mmol) followed by formic acid (15 drops). The
resulting mixture was stirred for two days at room temperature
during which most of the solid diimine precipitated from solu-
tion. The crystals were collected and washed with precooled
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(−70 °C) methanol (20 mL). The mother liquor was evaporated
and the second part of crystals was obtained after recrystalliza-
tion from MeOH/H2O. Both parts of crystalline diimine were
combined and dried on the vacuum pump to afford product
L6 (0.887 g, 76.5%, yellow solid, m.p.: 173–175 °C). 1H NMR
(299.97 MHz, CDCl3): δ 0.96 (d, 3JH–H = 6.8 Hz, 12H, CH
(CH3)2), 1.23 (d, 3JH–H = 6.8 Hz, 12H, CH(CH3)2), 3.01 (sept,
3JH–H = 6.8 Hz, 4H, CH(CH3)2), 3.47 (t, 3JH–F = 18.8 Hz, 4H,
CF2CH2), 6.56 (d, 3JH–H = 7.1 Hz, 2H, Ar–H), 7.17 (s, 4H, Ar–H),
7.38 (dd, 3JH–H = 7.1 and 8.2 Hz, 2H, Ar–H), 7.89 (d, 3JH–H = 8.2
Hz, 2H, Ar–H) ppm. 19F NMR (282.23 MHz, CDCl3): δ −81.2
(tm, 4JF–F = 10 Hz, 6F, CF3), −113.3 (m, 4F, CF2CH2), −123.1
(m, 4F, CF2CF2CH2), −123.2 (m, 4F, CF3CF2CF2), −126.7 (m,
4F, CF3CF2) ppm. 13C NMR (100.58 MHz, CDCl3): δ 23.1 (4C,
CH(CH3)2), 23.5 (4C, CH(CH3)2), 28.7 (4C, CH(CH3)2), 37.6
(t, 2JF–C = 22.3 Hz, 2C, CF2CH2), 105–125 (m, 10C, 8 × CF2,
2 × CF3), 123.5 (2C, Ar2–CH), 124.7 (2C, Ar1–CCH2CF2), 126.3
(4C, Ar1–CH), 128.0 (2C, Ar2–CH), 129.2 (2C, Ar2–CH), 129.4
(2C, Ar2–C), 131.3 (1C, Ar2–C), 136.0 (4C, Ar1–CCH(CH3)2),
141.0 (1C, Ar2–C), 147.6 (2C, Ar–CNvC), 161.4 (2C, CvN)
ppm. MS (MALDI), m/z (%): 1065 [M + H]+ (100). HRMS
(MALDI): calculated for C48H43F22N2 ([M + H]+) 1065.3069,
found 1065.3062. IR (ATR, diamond) 1671 cm−1 (CvN).

Synthesis of nickel complexes

Nickel complexes were synthesized analogous to the procedure
reported for 7 and 8 1 by the reaction of the corresponding
ligand and (dimethoxyethane)nickel(II)bromide ((DME)NiBr2)
in dry CH2Cl2.

(Ar–NvCH–CHvN–Ar)NiBr2 (Ar = 2,6-dimethyl-4-(perfluoro-
pentyl)methylphenyl) (1). Ligand L1 (0.17 g, 0.20 mmol) and
(DME)NiBr2 (0.06 g, 0.19 mmol) were reacted in 10 ml of
CH2Cl2 at room temperature overnight, evaporated and
extracted with dry n-hexane repeatedly until the n-hexane
stopped turning yellow. Evaporation afforded 2 as yellow-
brown powder in 91% yield. Anal. calc. (C30H22Br2F22N2Ni) C,
34.42; H, 2.12; N, 2.68. Found: C, 30.27; H, 2.26; N, 2.61.
MALDI-TOF m/z: 1039.0940 (C37H27F22N2NiO4 [M + H]+,
requires 1039.0968). IR (ATR, diamond) 1632 cm−1 (CvN).

(Ar–NvCH–CHvN–Ar)NiBr2 (Ar = 2,6-dimethyl-4-(2-(per-
fluorohexyl)ethyl)phenyl) (2). Using the same procedure as
that for 1, ligand L2 (0.15 g, 0.15 mmol) was reacted with
(DME)NiBr2 (0.04 g, 0.14 mmol) resulting in a brown powder
of 2 in 95% yield. Anal. calc. (C34H26Br2F26N2Ni) C, 34.75; H,
2.23; N, 2.38. Found: C, 32.94; H, 2.66; N, 2.14. MALDI-TOF
m/z: 1167.1240 (C41H31F26N2NiO4 [M + H]+, requires
1167.1267). IR (ATR, diamond) 1633 cm−1 (CvN).

(Ar–NvC(Me)–C(Me)vN–Ar)NiBr2 (Ar = 2,6-dimethyl-4-(per-
fluoropentyl)methylphenyl) (3). Ligand L3 (0.15 g, 0.18 mmol)
and (DME)NiBr2 (0.05 g, 0.17 mmol) were reacted in 10 ml of
CH2Cl2 at room temperature overnight, evaporated and
extracted with dry n-hexane repeatedly until the n-hexane
stopped turning yellow. The crude product was dissolved in
CH2Cl2 and filtered. The residual solvent was evaporated, and
3 was obtained as a brown-red solid in 88% yield. Anal. calc.
(C32H26Br2F22N2Ni) C, 35.75; H, 2.44; N, 2.61. Found: C, 35.56;

H, 2.38; N, 2.33. MALDI-TOF m/z: 1067.1255 (C39H31F22N2NiO4

[M + H]+, requires 1067.1281). IR (ATR, diamond) 1637 cm−1

(CvN).
(Ar–NvC(Me)–C(Me)vN–Ar)NiBr2 (Ar = 2,6-diisopropyl-4-

(perfluoropentyl)methylphenyl) (4). Using the same procedure
as that for 3, ligand L4 (0.16 g, 0.16 mmol) was reacted with
(DME)NiBr2 (0.05 g, 0.15 mmol) resulting in a brown-red
powder of 2 in 84% yield. Single crystals suitable for X-ray ana-
lysis were obtained by crystallization from dichloromethane
solution layered by n-hexane. Anal. calc. (C40H42Br2F22N2Ni) C,
40.47; H, 3.57; N, 2.36. Found: C, 40.38; H, 3.44; N, 2.29.
MALDI-TOF m/z: 1179.2513 (C47H47F22N2NiO4 [M + H]+,
requires 1179.2533). IR (ATR, diamond) 1641 cm−1 (CvN).

(Ar–NvC(An)–C(An)vN–Ar)NiBr2 (Ar = 2,6-dimethyl-4-(per-
fluoropentyl)methylphenyl) (5). Using the same procedure as
that for 3, ligand L5 (0.12 g, 0.13 mmol) was reacted with
(DME)NiBr2 (0.04 g, 0.12 mmol) resulting in a brown-red
powder of 2 in 92% yield. Anal. calc. (C40H26Br2F22N2Ni) C,
41.02; H, 2.24; N, 2.39. Found: C, 40.77; H, 2.21; N, 2.16.
MALDI-TOF m/z: 1163.1296 (C47H31F22N2NiO4 [M + H]+,
requires 1163.1281), APCI-Orbitrap m/z: 1130.0549
(C42H29BrF22N3Ni [M + H]+, requires 1130.0541). IR (ATR,
diamond) 1655 cm−1 (CvN).

(Ar–NvC(An)–C(An)vN–Ar)NiBr2 (Ar = 2,6-diisopropyl-4-
(perfluoropentyl)methylphenyl) (6). Using the same procedure
as that for 3, ligand L6 (0.17 g, 0.16 mmol) was reacted with
(DME)NiBr2 (0.05 g, 0.15 mmol) resulting in a brown-red
powder of 2 in 83% yield. Single crystals suitable for X-ray ana-
lysis were obtained by crystallization from dichloromethane
solution layered by n-hexane. Anal. calc. (C48H42Br2F22N2Ni) C,
44.92; H, 3.30; N, 2.18. Found: C, 44.40; H, 3.22; N, 1.99.
MALDI-TOF m/z: 1275.2483 (C55H47F22N2NiO4 [M + H]+,
requires 1275.2533), APCI-Orbitrap m/z: 1242.1805
(C50H45BrF22N3Ni [M + H]+, requires 1242.1793). IR (ATR,
diamond) 1660 cm−1 (CvN).

Synthesis of palladium complexes

Palladium complexes were synthesized according to the modi-
fied literature procedure for 12 1 by the reaction of the corres-
ponding ligand and CODPdMeCl in dry diethyl ether.

(Ar–NvC(Me)–C(Me)vN–Ar)Pd(Me)Cl (Ar = 2,6-diisopropyl-
4-(perfluoropentyl)methylphenyl) (9). Et2O (10 mL) was added
to a Schlenk flask containing CODPdMeCl (41 mg, 0.16 mmol)
and a slight excess of ligand L4 (159 mg, 0.16 mmol, 1.05 eq.).
The suspension was allowed to stir for an additional 20 h at
room temperature. The solvent was removed under vacuum.
The product was extracted with n-hexane (3 × 10 mL) and then
dried overnight in vacuo. A yellow-orange powder was isolated
in 90% yield. Anal. calc. (C41H45ClF22N2Pd) C, 43.75; H, 4.03;
N, 2.49. Found: C, 43.34; H, 3.81; N, 2.36. 1H NMR
(299.97 MHz, CDCl3): δ 7.17 (s, aromatic 2H), 7.12 (s, aromatic
2H), 3.39 (td, 4H, CH2C5F11), 3.14–2.97 (m, 4H, CH(CH3)2),
2.07 (s, 3H, CH3–CvN), 2.04 (s, 3H, CH3–CvN), 1.43 (d, 6H,
(CH3)2CH), 1.35 (d, 6H, (CH3)2CH), 1.18 (t, 12H, (CH3)2CH),
0.52 (s, 3H, CH3–Pd).

13C NMR (100.58 MHz, CDCl3): δ 174.05,
169.40 (CvN); 141.55 (aromatic C–N); 138.98, 138.18 (ortho-
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aromatic C); 128.36, 127.35 (para-aromatic C); 126.64, 126.15
(meta-aromatic C); 37.04 (CH2–C5F11); 29.01, 28.49 (–CH
(CH3)2); 23.72, 23.64, 23.38, 23.06 (–CH(CH3)2); 21.17, 19.78
(CH3–CvN); 3.08 ppm (Pd–CH3). IR (ATR, diamond)
1626 cm−1 (CvN). MS ESI-m/z: 1123.1907 (C41H44ClF22N2Pd
[M − H]−, requires 1123.1882).

(Ar–NvC(An)–C(An)vN–Ar)Pd(Me)Cl (Ar = 2,6-diisopropyl-
4-(perfluoropentyl)methylphenyl) (10).

Using the same procedure as that for 9, CODPdMeCl (30 mg,
0.11 mmol) was reacted with a slight excess of ligand L6
(126 mg, 0.12 mmol, 1.07 eq.) affording 10 as an orange solid
in 80% yield. Anal. calc. (C49H45ClF22N2Pd) C, 48.17; H, 3.71;
N, 2.29. Found: C, 48.03; H, 3.62; N, 2.16. 1H NMR
(299.97 MHz, CDCl3): δ 8.08 (d, aromatic 1 H), 8.04 (d, aro-
matic 1 H), 7.42 (dt, aromatic 2 H), 7.31 (s, aromatic 2 H), 7.25
(s, aromatic 2 H), 6.58 (d, aromatic 1 H), 6.37 (d, aromatic
1 H), 3.51 (q, 4H, CH2C5F11), 3.45–3.32 (m, 4H, CH(CH3)2),
1.48 (d, 6H, (CH3)2CH), 1.38 (d, 6H, (CH3)2CH), 0.96 (d, 6H,
(CH3)2CH), 0.91 (d, 6H, (CH3)2CH), 0.88 (s, 3H, CH3–Pd).

13C
NMR (100.58 MHz, CDCl3): δ 172.13, 167.84 (C1); 143.89 (C7);
142.26, 141.36 (aromatic C–N); 140.03, 138.79 (ortho-aromatic
C); 131.43 (C5); 131.35 (C6); 130.96 (C5); 128.93 (C4); 128.89
(para-aromatic C); 128.72 (C4); 127.70 (para-aromatic C);
127.13 (meta-aromatic C); 127.11 (C2); 126.51 (meta-aromatic
C); 126.35 (C2); 124.79 (C3); 124.66 (C3); 37.51 (CH2–C5F11);
29.13, 28.65 (–CH(CH3)2); 24.08, 23.66, 23.53, 23.23
(–CH(CH3)2); 3.33 ppm (Pd–CH3). IR (ATR, diamond)
1640 cm−1 (CvN). MS ESI+ m/z: 1221.2572 (C49H46ClF22N2Pd
[M + H]+, requires 1221.2028).

Ethene and propene polymerization with nickel complexes

A 100 ml or 250 ml glass pressure ampoule (Fisher-Porter
bottle) with a magnetic stirring bar was evacuated and placed
under an ethene/propene atmosphere. Toluene and MAO were
added against nitrogen flux and the reactor was then allowed
to stir under the desired absolute pressure of ethene/propene
for 15 min at the prescribed polymerization temperature.
Polymerization was started by the injection of the catalyst solu-
tion against nitrogen flux. The reactor was pressurized with
ethene/propene, and the pressure was kept constant during
the reaction. After the allotted polymerization time, the reac-
tion was terminated by pouring the polymerization mixture
into a large excess of ethanol acidified with HCl.
Polyethylenes/polypropylenes were separated by filtration,
washed with ethanol and dried under vacuum overnight at
50 °C.

Ethene polymerization with palladium complexes

A 100 ml glass pressure ampoule (Fisher-Porter bottle) with a
magnetic stirring bar was charged with the appropriate

amount of solid catalyst. The desired volume of dry chloro-
benzene was transferred via a cannula to the reaction ampule
and the catalyst was immediately dissolved. Then, the ampule
was sealed, cooled to the polymerization temperature and satu-
rated with the appropriate ethene pressure. Polymerization
was started by the addition of Na(BArF4) solution into chloro-
benzene. An absolute ethene pressure of 8 bars was controlled
by using a gas regulator. For the polymerizations at 0.05 bars
of ethene, a mixture of ethene and nitrogen was prepared and
bubbled through a reaction mixture. The reaction mixture was
stirred under constant ethene pressure for the allotted
polymerization time. Then, ethene pressure was released and
the reaction was quenched by the addition of 0.3 ml of triethyl-
silane. Chlorobenzene was evaporated on a rotary evaporator.
The obtained polymer was dissolved in toluene and passed
through a column packed with silica gel and alumina to
remove the rest of the catalyst. Then, the solvent was evapor-
ated and the obtained polymer was dried in a vacuum oven at
60 °C to a constant weight.

Hex-1-ene polymerization with nickel complexes

Polymerizations were carried out under a nitrogen atmosphere
in magnetically stirred 15 ml glass ampoules. The ampoules
with toluene, hex-1-ene, and MAO were placed in a bath kept
at a desired temperature and tempered for 15 min. The
polymerization was initiated by the addition of catalyst solu-
tion against nitrogen flux. After the allotted polymerization
time the reaction was terminated by pouring the polymeriz-
ation mixture into a large excess of ethanol acidified with HCl.
Polyethylene was separated by filtration, washed with ethanol
and dried under vacuum overnight at 50 °C. Reinitiation tests
were carried out by the addition of the second portion of the
monomer after the consumption of the initial monomer feed.

GC method for hex-1-ene polymerization kinetics investigation

The method described in the literature56 was used using cyclo-
hexane in the feed as an internal standard. Polymerization was
carried out in the same way as described above with the excep-
tion of the addition of 1 ml of cyclohexane after monomer
addition. 1 ml samples were withdrawn from the reaction
mixture in the course of the polymerization, quenched by
pouring into 8 ml ethanol, and decanted to isolate a precipi-
tated polymer. Liquid phases were transferred to 2 ml vials
equipped with a septum and measured by gas chromatography
immediately. GC analysis was performed on a Varian CP 3800
chromatograph using a capillary column HP Ultra 1 (PDMS,
50 m length, inner diameter 0.32 mm, film thickness 0.52 µm)
at 60 °C and 3 ml min−1 nitrogen flow.

Results and discussion
Ligand synthesis

Three polyfluorinated anilines, A1, A4 and A5, were syn-
thesized and used for the preparation of diimine ligands L1–
L6 (Scheme 1). Aniline A1 with an ethylene spacer between the
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aromatic ring and a C6F13 moiety was prepared according to
the known procedure in a four-step synthesis starting from
commercial 2,6-dimethylaniline.36 The same starting aniline
was also modified in the para-position with the C6F13 moiety
in a two-phase metal free reaction37 to obtain A2. Fluorine
atoms in the α-position of the perfluoroalkyl chain attached in
the ortho- or para-position of aniline are known to be highly
reactive against nucleophilic substitution.57 In our case, ani-
lines A4 and A5 were prepared from A2 and A3, respectively, by
substitution of both fluorine atoms in the α-position by hydro-
gen ones using an ether solution of lithium aluminum
hydride. The reaction of anilines A1, A4, and A5 with the
corresponding diones in polar solvents afforded a series of
new polyfluorinated α-diimine ligands L1–L6 in good yields
(Scheme 1).

Catalyst synthesis

A series of six novel nickel complexes bearing fluorinated alkyl
substituents (1–6, Fig. 2) was synthesized by the reaction of the
corresponding α-diimine ligands (L1–L6) with (DME)NiBr2 in
dichloromethane at room temperature yielding complexes 1–6
in high yields (>80%). Non-fluorinated analogs 7 and 8 were
prepared for the comparison with the catalytic behavior of
novel complexes in olefin polymerizations. The analysis of
nickel complexes by NMR spectroscopy is tangled due to their
paramagnetic character. Elemental analysis, IR and mass spec-
trometry were therefore used for their characterization.
Elemental analysis of Ni complexes 1 and 2 bearing only H
atoms on the backbone (the highest fluorine content) exhibi-
ted the lowest conformity of calculated and experimental
values due to the poor combustion of highly fluorinated com-
pounds (see the Experimental section). The rest of the nickel
complexes showed very good agreement of theoretical and
measured values. Ligand complexation to nickel was con-
firmed by shifting of CvN FTIR signals in ligands
(1626–1671 cm−1) by ∼10 cm−1 in the corresponding com-
plexes (1632–1660 cm−1). High-resolution mass spectrometry
(MS) of nickel complexes was carried out by APCI (atmospheric
pressure chemical ionization) and MALDI-TOF (matrix-assisted
laser desorption/ionization with time-of-flight detection) tech-
niques. In all cases, complexes were partially fragmented
during the ionization. The formation of the Ni complex was

confirmed for all 1–6 studied catalysts. For complexes 5 and 6
bearing naphthalene backbone substituents, both MS tech-
niques were successful. Using APCI, measured in CH3CN,
specific masses for (N–N)NiBr·CH3CN (N–N = α-diimine
ligand) fragments were found (m/z: 1130.0549 and 1242.1805
for 5 and 6, respectively), whereas by the MALDI technique,
using 2,5-dihydroxybenzoic acid as a matrix, (N–N)Ni·DHB
(DHB anion) fragments were detected (m/z: 1163.1296 and
1275.2483 for 5 and 6, respectively). For other complexes, only
MALDI was successful in their ionization, identifying again
(N–N)Ni·DHB adducts (m/z: 1039.0940, 1167.1240, 1067.1255,
and 1179.2512 for 1, 2, 3 and 4, respectively).

Single crystals of complexes 4 and 6 suitable for X-ray ana-
lysis were obtained by crystallization from dichloromethane
solution layered by n-hexane. Crystallographic data are sum-
marized in Table S2 (ESI†). Fig. 3 and 4 show molecular struc-
tures of complexes 4 and 6 obtained with X-ray diffraction,
while Table S3 (ESI†) gives details of the selected bond dis-
tances and angles for the geometry about the nickel atoms in
each of the complexes. The geometries of 4 and 6 are similar
to non-fluorinated analogs reported in the literature
previously,58–62 having aryl rings almost perpendicularly

Scheme 1 Synthesis of α-diimine ligands with fluorinated alkyl
substituents.

Fig. 3 View on the molecule of 4 with the atom numbering schema.
The displacement ellipsoids are drawn at 30% probability level. The
second part of the molecule is generated via mirror perpendicular to the
b axis. Symmetry code (i) x, 3/2 − y, z.

Fig. 4 View on the molecule of 6 with the atom numbering schema.
The displacement ellipsoids are drawn at 30% probability level. Only
quarter of molecule is symmetrically independent, other parts are gen-
erated via site symmetry 2/m. Symmetry code (i) x, y, 1 − z; (ii) 1 − x,
1 − y, 1 − z; (iii) 1 − x, 1 − y, z; (iv) 1 − x, 1 − y, z.
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oriented toward the diimine ligand plane and C2v symmetry.
Complex 4 possesses pseudo-tetrahedral geometry about the
nickel atom. Complex 6 with the acenaphthene backbone
ligand forms a dimeric structure in the solid state with two
nickel atoms bridged via two bromine atoms, each nickel atom
being surrounded by a ligand L6 and three bromides. The geo-
metry of each of the five-coordinated Ni centers can be
described as pseudo-hexahedral. Similar dimeric structures
were already observed for other Ni complexes.58–61

Two novel palladium complexes 9 and 10 (Fig. 2) with
fluorinated substituents in para-aryl positions and with
different diimine backbones were prepared by the reaction of
the corresponding ligands (L4 and L6) and CODPdMeCl in dry
diethyl ether. The formation of Pd complexes was proved by
elemental analysis, NMR and IR spectroscopy and mass spec-
trometry. Non-fluorinated analogs 11 and 12 were synthesized
to compare the catalytic behavior of novel fluorinated com-
plexes and previously published catalysts in ethene
polymerizations.

Solubility tests of all novel Ni and Pd complexes with fluori-
nated tails were performed in different common solvents and
also in one fluorinated solvent (Table 1), namely NovecTM 7100
(methoxy-nonafluorobutanes), which was tested concerning
the potential application of novel fluorinated complexes in
interphase polymerizations.

The poorest solvent of all tested ones was n-hexane as
expected because it is commonly used for the extraction of
crude complexes. Other conventional solvents (toluene, diethyl
ether, and dichloromethane) were in general evaluated as suit-
able solvents. Nickel complexes 1 and 2 bearing hydrogen
atoms on the ligand backbone were partially soluble in Novec
as they have the highest fluorine content. The rest of the Ni
complexes (3, 4, 5 and 6) with bulkier backbones were comple-
tely insoluble in Novec due to the decreased fluorophilicity.
Palladium complexes 9 and 10 showed surprisingly better solu-
bility than their Ni analogs. Complex 9 was slightly soluble in
Novec and catalyst 10 bearing the bulkier acenaphthene back-
bone was dissolved entirely in Novec in 24 h. This means that
complex 10 would be the most appropriate candidate for inter-
phase catalysis. However, slower dissolution of complex 10 in
Novec than in common solvents suggests that interphase

polymerization would not be possible. Generally, the better
solubility in fluorinated solvents can be expected for metal–
alkyl–halogene complexes (e.g. PdMeCl in 9 and 10) or com-
plexes with a higher content of fluoroalkyl groups.

Ethene polymerization by Ni complexes

Nickel α-diimine complexes 1–6 were activated by 200 eq. of
MAO and tested in ethene polymerization. Polymerization
experiments were performed in toluene at 25 °C and 2 bars of
ethene (Table 2). Complexes 7 and 8, the non-fluorinated
analogs of complexes 4 and 6, were used for the comparison
with fluorinated catalysts.

Complexes 1 and 2 (Fig. 2) bearing hydrogen atoms as
ligand backbone substituents displayed lower activity and pro-
vided PEs with lower molar masses than the other derivatives
3–6 bearing bulkier backbone substituents. This observation
corresponds with the behavior of non-fluorinated nickel
α-diimine complexes published previously.1 All prepared com-
plexes produced polyethylenes with monomodal molar mass
distribution and with the dispersity values around 2, which is
typical of single-site catalysts.63 Branching numbers of syn-
thesized polyethylenes well corresponded to the ligand bulki-
ness.1,64 Complexes 1, 2, 3, and 5, substituted with methyl
groups in ortho-aryl positions, yielded very linear PEs with
3–16 br. per 1000 C atoms. Complexes 4 and 6, bearing bulkier
iPr substituents, provided polyethylenes with ∼50–60 br. per
1000 C.

The comparison of fluorinated complexes 4 and 6 with
their non-fluorinated analogs 7 and 8 shows higher polymeriz-
ation activity for fluorinated derivatives which could be caused
by the increase of nickel center electrophilicity due to the sub-
stitution of the diimine ligand by electron-withdrawing fluori-
nated alkyl groups (Table 2, runs 4 and 6 vs. runs 7 and 8,
respectively). Molar masses of PEs prepared with all catalysts
are several times lower than the theoretical values (obtained
from polymer yield and amount of Ni precursors), which

Table 1 Solubility tests of Ni (1–6) and Pd (9, 10) complexes with
fluorinated ligands in selected solvents

Cat.
Novec™
7100 n-Hexane Toluene

Diethyl
ether Dichloromethane

1 ∼ X X ∼ ∼
2 ∼ X X ∼ ∼
3 X X √ ∼ √
4 X X √ ∼ √
5 X X √ √ √
6 X X √ √ √
9 ∼ X √ ∼ √
10 √ ∼ √ √ √

X (insoluble), ∼ (slightly soluble), √ (soluble).

Table 2 Ethene polymerization initiated by 1–8/MAO in toluene at
25 °C

Run Cat.
TOFa

103 [h−1]
Mn

b

[kg mol−1]
Đb

[−]
Tm

c

[°C]
αc

[%] Nd

1 1 16 17 2.28 132 47 3
2 2 21 18 2.57 126 45 7
3 3 43 87 2.43 117 34 16
4 4 61 175 1.92 59 12 58
5 5 42 72 2.54 125 35 9
6 6 108 134 2.09 83 23 49
7 7 54 495 1.62 34 8 48
8 8 84 79 1.89 35 2 71

nNi = 1.2 µmol, Al/Ni = 750, total volume = 100 ml, tp = 30 min, 2 bars
of ethene (1 bar on gauge). a Turnover frequency: mol ethene/
(molNi tp).

bMolar mass and dispersity determined by HT-SEC in 1,2,4-
trichlorobenzene at 150 °C. cMelting temperature and crystallinity
determined by DSC from the 2nd heating run. dNumber of branches
per 1000 C atoms determined by 1H NMR.
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together with broad molar mass distribution, shows the high
extent of transfer reactions during ethene polymerization.

Concerning the effect of the ligand structure on the chain-
walking extent, there is an opposite trend for complexes 4 and
7 with methyl backbone substituents and complexes 6 and 8
with the naphthalene backbone. Thus, the backbone substitu-
ent of the diimine ligand plays a more important role in influ-
encing the metal center toward chain-walking reaction than a
fluorinated alkyl group.

Propene polymerization by Ni complexes

Propene polymerizations were performed in toluene at −10 °C
or 25 °C and at 2 bars of propene (Table 3). Complexes 1 and 2
bearing hydrogen atoms as backbone substituents yielded
polypropylenes with the lowest molar masses and with rela-
tively broader dispersities (Đ ≈ 1.70) at −10 °C. Broader molar
mass distributions and lower molar masses than theoretical
values suggested that small hydrogen atoms at the ligand
backbone cannot protect Ni centers from transfer reactions.
On the other hand, complexes 3, 4 and 6 with bulkier back-
bone substituents (Me or An) afforded polypropylenes with
very narrow molar mass distribution, suggesting the living
character of polymerization at −10 °C. Surprisingly, catalyst 5
was the only complex with bulkier backbone substituents than
H atoms which didn’t show the living character of propene
polymerization. This is due to lower sterical interactions of the
α-diimine backbone and ortho-aryl substituents, which is
weaker for the acenaphthene backbone of 5 than for the
methyl backbone used in 3.65 Thus, the combination of the
acenaphthene backbone and small methyl ortho-aryl substitu-
ents of complex 5 results in insufficient blocking of axial
coordination sites and higher probability of transfer reactions

leading to the loss of living behavior. The comparison of
theoretical and experimental molar masses for polypropylenes
with narrow dispersities showed that nickel complexes are not
entirely activated by MAO (Table 3, runs 11, 12, 14, 15 and 16).
The highest activities represented by TOF values were observed
for complexes with naphthalenediyl backbone substituents.
Polypropylenes synthesized by catalysts with less bulky methyl
o-aryl substituents (Table 3, runs 9, 10, 11 and 13) showed the
highest number of branches due to the suppressed chain-
walking mechanism. Complexes 4 and 6 provided polypropyl-
enes with slightly decreased branching in comparison to their
non-fluorinated analogs 7 and 8. It is probably caused by the
electron-withdrawing effect of para-fluoroalkyl substituents
that supports the chain-walking mechanism and leads to
chain straightening.26,27

Propene polymerization at 25 °C showed only a slight
increase of TOF and molar mass values compared to polymer-
ization at −10 °C. Furthermore, molar mass distribution
increased significantly, clearly indicating the loss of the living
character at 25 °C. The increase of reaction temperature is also
reflected in decreased Tg values of polypropylenes as a result
of enhanced chain-walking which leads to 1,3-insertion of
propene and straightening of the chain.

To further investigate the livingness/controllability of
propene polymerization with novel catalysts, we have chosen
highly active complex 6, which produced narrowly dispersed
polypropylene with a molar mass close to the theoretical value
at −10 °C (Table 3, run 14). A linear increase of molar mass up
to 250 kg mol−1 with polymer yield, the retention of very low
dispersity values and no tailing of SEC peaks demonstrate very
well controlled propene polymerization by 6/MAO at −10 °C
(Fig. 5 and S4, ESI†).

Fig. 5 Dependence of polypropylene number average molar mass (dia-
monds) and the dispersity (circles) on polymer yield obtained in propene
polymerization initiated by 6/MAO at −10 °C in toluene. Propene
(2 bars), nNi = 10 μmol, [Al]/[Ni] = 200, total volume = 40 ml.

Table 3 Propene polymerization initiated by 1–8/MAO in toluene

Run
T
[°C] Cat.

TOFa

103 [h−1]
Mn

b

[kg mol−1]
Đb

[−]
Mn

th c

[kg mol−1]
Tg

d

[°C] Ne

9 −10 1 0.4 12 1.64 23 −18 332
10 −10 2 1.2 13 1.66 74 −21 320
11 −10 3 0.7 63 1.14 43 −22 309
12 −10 4 0.4 66 1.13 22 −35 250
13 −10 5 1.6 51 1.97 102 −18 311
14 −10 6 3.2 244 1.16 201 −15 284
15 −10 7 0.5 119 1.13 33 −25 261
16 −10 8 2.7 315 1.13 173 −13 293
17 f 25 1 0.6 11 2.03 51 −39 298
18 f 25 2 1.3 11 3.90 109 −39 267
19 f 25 3 1.4 106 1.79 115 −36 240
20 f 25 4 1.2 183 1.52 100 −40 212
21 f 25 5 2.6 64 1.82 219 −35 257
22 f 25 6 3.1 312 2.06 197 −23 256
23 f 25 7 1.0 269 1.56 80 −31 228
24 25 8 3.0 412 1.74 189 −23 244

nNi = 5 µmol, Al/Ni = 200, total volume = 18 ml, tp = 1.5 h, 2 bars of
propene. a Turnover frequency: mol propene/(molNi tp).

bMolar mass
and dispersity determined by SEC RI-PS calib. c Theoretical molar
mass, Mn

th = mp/nNi.
dGlass transition temperature determined by DSC

from the 2nd heating run. eNumber of branches per 1000 C atoms
determined by 1H NMR. f tp = 2 h.

Polymer Chemistry Paper

This journal is © The Royal Society of Chemistry 2018 Polym. Chem., 2018, 9, 1234–1248 | 1243

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

01
8.

 D
ow

nl
oa

de
d 

on
 4

/3
0/

20
26

 1
2:

08
:1

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8py00201k


Hex-1-ene polymerization by Ni complexes

Similarly, like for propene polymerization, complexes 3, 4 and
6 afforded poly(hex-1-ene)s with very low molar mass dispersi-
ties at −10 °C (Table 4). Molar masses of the prepared poly
(hex-1-ene)s are generally higher than the theoretical values as
a consequence of the incomplete activation of Ni complexes by
MAO as observed earlier.12,18,56,66,67 Complexes 1 and 2 with
hydrogen backbone substituents and complex 5 yielded poly
(hex-1-ene)s with broadened molar mass distribution indicat-
ing that steric hindrance of the axial position of the complex is
insufficient for these complexes to protect the metal center
from transfer reactions. Branching of polyhexenes can be regu-
lated by ligand bulkiness. Complexes 1 and 2 with the least
bulky ligands yielded poly(hex-1-ene) with a number of
branches that would be formed if only 1,2-insertion of hex-1-
ene takes place, which corresponds well with our previous
observation.18 The most rearranged poly(hex-1-ene) was pre-
pared by complex 4. The increase of reaction temperature
leads to the loss of livingness of hex-1-ene polymerization as
indicated by increased molar mass dispersities as it was
observed in the case of propene polymerization (Table 3).
Reaction temperature also increased the extent of chain-
walking resulting in polyhexenes with more rearranged struc-
tures as displayed by lower branching numbers. To investigate
the livingness of hex-1-ene polymerization more in detail, we
used complex 6. Molar mass of the resulting poly(hex-1-ene)
can be easily controlled in a broad range by setting the
monomer/Ni ratio at −10 °C (Fig. 6 and Table S1, ESI†).

Another investigation of livingness of hex-1-ene polymeriz-
ation initiated by 6/MAO was based on a monomer resumption
test. As checked by the absence of hex-1-ene in the mixture by
GC, an initial feed of hex-1-ene (400 eq. to Ni) was totally con-
sumed in 6 h at −10 °C. After this period, a sample of polymer
was taken for SEC analysis, and the same amount of hex-1-ene

(400 eq. to Ni) was added to the reaction mixture. After an
additional 16 h, the conversion of second monomer feed to
polymer was over 99% and the molar mass of the polymer was
doubled while dispersity remained low (Fig. 7). Moreover, hex-
1-ene polymerization controllability by 6/MAO was further
investigated by detailed kinetic studies and compared to the
non-fluorinated system 8/MAO. Controlled polymerization be-
havior was proved by linear molar mass development with
monomer conversion for both systems at −10 °C (Fig. 8A). A
small increase of dispersity values can be ascribed to the con-
tamination of reaction feed during the withdrawal of samples
for conversion and molar mass determination rather than
to the imperfection of polymerization as indicated by very

Table 4 Polymerization of hex-1-ene catalyzed by 1–8/MAO in toluene

Run Cat. T [°C] tp [h] Yield [%] TOFa [h−1] Mn
b [kg mol−1] Đb [−] Mn

th c [kg mol−1] Tg
d [°C] Ne

25 1 −10 5 31 45 12 1.63 19 −60 167
26 2 −10 5 65 100 15 1.71 43 −58 167
27 3 −10 5 78 140 75 1.13 58 −57 143
28 4 −10 5 29 50 60 1.09 20 −54 118
29 5 −10 5 >99 160 56 1.42 66 −56 148
30 6 −10 5 92 240 176 1.08 99 −51 142
31 7 −10 5 36 60 86 1.09 25 −54 113
32 8 −10 5 >99 170 146 1.09 62 −50 139
33 f 1 25 24 16 10 11 1.59 15 −64 135
34 f 2 25 24 20 10 10 2.09 17 −61 123
35 f 3 25 24 49 20 64 1.76 43 −52 98
36 f 4 25 24 84 40 154 1.39 79 −50 90
37 f 5 25 24 73 30 50 1.76 64 −55 102
38 f 6 25 24 94 45 150 1.61 89 −52 110
39 f 7 25 24 74 35 235 1.40 95 −53 98
40 f 8 25 24 92 40 166 1.50 82 −53 116

nNi = 10 µmol, Al/Ni = 200, total volume = 10 ml, [hex-1-ene] = 0.8 M. a Turnover frequency: mol hex-1-ene/(molNi tp).
bMolar mass and dispersity

determined by SEC RI – PS calib. c Theoretical molar mass, Mn
th = mp/nNi.

dGlass transition temperature determined by DSC from the 1st heating
run. eNumber of branches per 1000 C atoms determined by 1H NMR. f nNi = 5 µmol, Al/Ni = 200, total volume = 18 ml, [hex-1-ene] = 0.3 M; n.d. =
not determined.

Fig. 6 Dependence of number average molar mass (Mn) and the disper-
sity (Đ) on hex-1-ene/Ni ratio in hex-1-ene polymerization initiated by 6/
MAO at −10 °C in toluene. nNi = 10 µmol, Al/Ni = 200, total volume =
10 ml, tp = 5 h.
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low dispersity values achieved after the same reaction time in
independent experiments (Table 4, run 30 or 32). The linear
first-order plot finally demonstrated polymerization controll-
ability for hex-1-ene polymerization catalyzed by 6 and 8/MAO
at −10 °C (Fig. 8B). Both catalytic systems exhibited very
similar polymerization behavior at −10 °C, showing that para-
aryl fluorinated substituents do not interfere with the living-
ness of polymerization.

Fluoro substituents were often reported to enhance the
thermal stability of the catalyst.28–30 Therefore, we investigated
the livingness of the polymerization and lifetimes of fluori-
nated complex 6 and its non-fluorinated analog 8 at 50 °C

(Fig. S7 and S8, ESI†). The increase of molar mass with conver-
sion for 6/MAO displayed only slightly higher slope than that
with experiments at −10 °C. In contrast, non-fluorinated
complex 8/MAO exhibited a much higher deviation of molar
masses from theoretical values. This means that fluorinated
complex 6 is efficiently activated by MAO both at −10 and
50 °C whereas the activation efficiency of 8 by MAO at 50 °C is
significantly decreased. However, first-order plots of complexes
6 and 8 clearly deviate from linearity, showing the termination
of growing centers. Thus, the thermal stability of nickel
diimine complexes is not influenced significantly by para
fluoroalkyl substituents, which cannot interact directly with
the metal center and stabilize it in contrast to fluoro substitu-
ents in ortho-aryl positions.28–30

Ethene polymerization by Pd complexes

Two novel palladium complexes 9 and 10 (Fig. 2), bearing
fluorinated para-aryl substituents, were tested in ethene
polymerization and compared with basic catalyst 12 and pre-
viously published complexes 11, bearing an electron-accepting
chloro substituent in the para position26 (Fig. 2). Complexes
9–12 were dissolved in chlorobenzene and activated in situ by
the addition of 2 equivalents of NaBArF4.

Polymerizations were conducted at 0 °C to suppress side
reactions and maintain the living character of polymerization
(Table 5). Different ethene pressures (0.05 vs. 8 bars) were used
to vary the degree of the chain-walking mechanism which is
also known to influence the topology of the resulting polyethyl-
enes.4 Ethene polymerizations showed living character with
narrow molar mass dispersities (Đ < 1.1) for all tested com-
plexes at both pressures. Polymerizations were also well con-
trolled with fast and efficient catalyst activation which was
demonstrated by similar values of experimental and theore-
tical molar masses. The only exception from controlled behav-

Fig. 7 SEC-RI chromatograms of polyhexenes obtained by 6/MAO after
6 h of polymerization (dash) and after reinitiation by the addition of the
second portion of monomer after additional 16 h of polymerization
(solid). T = −10 °C, [hex-1-ene] = 0.4 M + 0.4 M, nNi = 10 μmol,
[Al]/[Ni] = 200, total volume = 10 ml.

Fig. 8 Dependence of number average molar mass (full symbols) and the dispersity (empty symbols) on monomer conversion to polymer (A) and
monomer conversion to the polymer (full symbols) and semilogarithmic dependence of ln([M0]/[M]t) (empty symbols) on time (B) in hex-1-ene
polymerization initiated by 6/MAO and 8/MAO at −10 °C in toluene. [Hex-1-ene] = 0.8 M, nNi = 10 μmol, [Al]/[Ni] = 200, total volume = 10 ml.
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ior was complex 10 (Table 5, run 46) which provided polyethyl-
ene with slightly broader dispersity (Đ = 1.4) at low ethene
pressure. The reason probably lies in different backbone sub-
stituents of 10 (1,8-naphthalenediyl) compared to other com-
plexes bearing methyl backbone substituents. A structural
difference of 10 is also pronounced in the lowest molar masses
and activities (Table 5, runs 42 and 46) which is in agreement
with previously published mechanistic data.65 Polymerizations
with complexes 9 and 11, substituted by electron-withdrawing
fluoroalkyl and chloro groups, at high ethene pressure showed
comparable polymerization activities, PE molar masses, and
distributions as the unsubstituted complex 12, which was used
as a benchmark. Different polymerization results were
observed for low ethene pressure experiments (Table 5, runs
45–48). Whereas complexes 9 and 11 were again comparable,
the reference non-fluorinated complex 12 showed approxi-
mately 2 times higher values of activity and molar mass
(Table 5, compare runs 45 and 47 with run 48). This difference
was probably caused by the presence of electron-withdrawing
substituents that are known to decrease the activity
and molar masses in ethene polymerization catalyzed by
Pd diimine catalysts.26 The reversed relative order of activities
of 9 and 11 versus 12 at low and high ethylene pressures are
probably caused by difference in the trapping rate of ethylene
to metal centers. Ethylene trapping forms alkyl-ethylene com-
plexes which are the resting state species in the catalytic
cycle.65 At high pressure, trapping is very fast and does not
limit the polymerization rate, which is roughly the same for all
complexes as the electronic effect of chloro and fluoroalkyl
substituents is not very strong. On the other hand, at very high
ethylene dilution, the activity is probably influenced signifi-
cantly by different abilities of complexes to trap ethylene
under these conditions. Thus, slower trapping by 9 and 11
results in their lower polymerization rates compared to 12.
Branching numbers N of all polyethylenes synthesized by Pd
complexes were consistent and were about the value of 100
branches per 1000 C atoms. It is known that PEs with similarly
high branching densities can display different topologies,
ranging from linear to dendritic ones.4 To evaluate the topo-
logy of the prepared polymers, we used a simple experimental
parameter MRI

w /MLS
w , which can be obtained from a single

measurement by size-exclusion chromatography coupled with
a refractometric (RI) and light-scattering (LS) detector.
Similarly to the values of branching ratios g and g′,68–70 the
ratio MRI

w /MLS
w decreases with an increasing degree of branch-

ing and compactness of the polymer coil.71,72 Polymerizations
that were conducted at high ethene pressure exhibited MRI

w /MLS
w

values over 1 (Table 5, runs 41–44) which suggested linear
topology as was expected concerning the reaction conditions.4

On the other hand, the decrease of ethene pressure resulted in
the increase of the chain-walking mechanism4,32 which was
demonstrated by the MRI

w /MLS
w values reaching 0.5 (Table 5,

runs 45–48). To further investigate the topology of prepared
PEs by a more fundamental approach, we constructed Mark–
Houwink (MH) plots and calculated other topological para-
meters (g′ and viscosity ratio) from data obtained by using a
HT SEC-IR-viscometer in trichlorobenzene at 150 °C. PE
samples prepared by Pd catalysts 9 and 10 were investigated
and compared to PEs prepared by α-diimine Pd catalysts 11
and 12 that were previously studied by Guan.26,27 PEs prepared
at high ethene pressure (runs 41–44) displayed MH plots that
lie close to the linear HDPE reference (Fig. 9). These obser-
vations are in agreement with the values of topological para-

Table 5 Ethene polymerization initiated by 9–12/NaBArF4 in chlorobenzene

Run Cat. pC2 [bar] t [h] TOFa [h−1] Mn
b [kg mol−1] Đb [−] Mn

th c [kg mol−1] MRI
w /MLS

w
d Ne g′ f Viscosity ratio

41 9 8 5 400 56 1.01 56 1.25 95 0.53 1.8
42 10 8 5 190 12 1.04 19 1.34 109 0.42 1.9
43 11 8 5 520 71 1.04 72 1.21 99 0.53 1.8
44 12 8 5 380 51 1.04 53 1.20 101 0.49 1.8
45 9 0.05 21 120 80 1.04 69 0.59 107 0.12 4.3
46 10 0.05 21 70 23 1.42 40 0.79 111 0.16 3.3
47 11 0.05 21 100 60 1.08 60 0.59 113 0.10 4.7
48 12 0.05 21 260 159 1.03 150 0.54 96 0.16 3.7

cPd = 0.5 µmol ml−1, 2 eq. NaBArF4, total volume = 15 ml, T = 0 °C. a Turnover frequency: mol ethene/(molPd tp).
bMolar mass and dispersity deter-

mined by SEC-MALS in THF at 35 °C. c Theoretical molar mass, Mn
th = mp/nPd.

d Ratio of weight average molar masses obtained from relative PS
calibration and LS detection. eNumber of branches per 1000 C atoms determined by 1H NMR. fObtained from HT SEC-IR-η in 1,2,4-trichloro-
benzene at 150 °C.

Fig. 9 Mark–Houwink plot of PEs prepared by Pd complexes.

Paper Polymer Chemistry

1246 | Polym. Chem., 2018, 9, 1234–1248 This journal is © The Royal Society of Chemistry 2018

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

01
8.

 D
ow

nl
oa

de
d 

on
 4

/3
0/

20
26

 1
2:

08
:1

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8py00201k


meters g′ ∼ 0.5 and viscosity ratio ∼2 which suggests moder-
ately branched to linear topology (Table 5, runs 41–44).

In contrast, PEs prepared at low ethene pressure (0.05 bar)
showed a significant shift of their MH plots towards lower
values of intrinsic viscosity (runs 45–48, Fig. 9), suggesting
more branched topology of these PE samples. Topological
parameter g′ as low as 0.10–0.15 as well as viscosity ratio values
∼4 (Table 5, runs 45–48) clearly indicate dendritic topology of
PEs prepared by new fluorinated complexes 9 and 10.

Conclusions

Novel α-diimine nickel and palladium complexes with fluori-
nated substituents were successfully synthesized and tested in
olefin polymerization. Nickel complexes with a bulky backbone
and ortho-aryl substituents polymerized propene and hex-1-ene
in a controlled manner at −10 °C whereas palladium com-
plexes allowed controlled ethylene polymerization even at 0 °C.
In propene polymerization chain-walking was supported at
−10 °C when fluorinated alkyl Ni derivatives were used, sup-
porting the observation in the literature.26 However, ethylene
polymerization catalyzed by Pd complexes showed that fluori-
nated alkyl substituents and chloro group in a para position of
ligand aryl rings don’t have an essential impact on PE branch-
ing (chain-walking), suggesting that these substituents have an
electroneutral character. The degree of chain-walking extent
was more significantly influenced by the structure of backbone
substituents (R1) decreasing in the order – Me, An and H. The
topology of PEs prepared by Pd catalysts can be efficiently
tuned by the variation of reaction conditions and catalyst
structure from linear to dendritic one.

The insolubility of most of the novel Ni and Pd complexes
in fluorinated solvents shows their insufficient fluorophilicity
needed to perform interphase olefin polymerization, which
could provide polyolefins with narrow molar mass and simul-
taneously controlled particle morphology. Solubility results of
PdMeCl complexes suggest which structural features are
important for the design of complexes with better solubility in
fluorinated solvents. Prepared fluoroalkyl substituted palla-
dium complexes, tolerant for polar groups, might also be of
interest for the application in scCO2. Our future intention is to
increase catalyst fluorophilicity by additional ligand substi-
tution by perfluoroalkyl groups.
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