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Abstract

Condensation reactions of 2-aminoethanol with fhy@a@priate aldehyde gave ligands
2-[1-[(2-hydroxyethyl)imino]ethyl]phenol L(1) and 2-[(2-hydroxyethyl)imino]
methyl]phenol 2) respectively. Subsequent reductiond.dfandL2 with NaBH, afforded
the corresponding amine ligands 2-[1-[(2-hydroxyBtmino]ethyl]phenol I(3) and 2-{[(2-
hydroxyethyl)amino]methyl}phenol L4). Reactions ofL1-L4 with either NiC} or
NiBry(DME) produced the nickel(ll) complex®&s(L1)Br;] (1), [Ni(L1)CI;] (2), [Ni(L2)CI]

(3 and [NiL3)Bry] (4) respectively. Structural elucidation of the compadsinwere
performed using NMR, IR, mass spectrometry, eleaieatalyses and single crystal X-ray
crystallography for complex. All the nickel(ll) complexes formed active catstly in
ethylene oligomerization reactions upon activatoth EtAICI, co-catalyst to afford butenes
(20% - 100%) and hexenes (31% - 80%) as the magmiugts. Higher catalytic activities of
up to 11 830 kg mdi h'* and formation of exclusively butenes were realidegending on

the complex structure and reactions conditions.
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Introduction

Catalyst design constitute a great interest indéeelopment of new late transition
metal based complexes for ethylene transformatiactions:> Most research revolve
around the variation of the ligand architectureorder to control the electronic and steric
properties of the resulting compl&%.Over the past decades, nickel complexes of rafige o
ligands including PO (the SHOP proce$g)AN,>* NAP 2 NANAN'YY and O~NE2°
donor ligands have been applied as catalyst innotdfgomerization reactions with varied
outcomes. To date, numerous reports show nicket{tinplexes as promising olefin
oligomerization catalysts due to their high caialyctivity and selectivity especially in the
oligomerization of ethylene. For example, Y al®* reported N-(-2-substituted-5,6,7-
trihnydroquinolin-8-ylidene)arylamino nickel complex as highly active catalysts upon
activation with ethylaluminium sesquichloride inhgene dimerization and trimerization

reactions.

However, despite the progress made with nickel pteres, challenges such as
balancing the catalytic activity, stability and estlvity still remain unsolve& The use of
hybrid ligands (N*P, N*O, N*P or N*O”P) appear &dn attractive avenue to achieve this
catalytic balance due to tunable electronic effe#fcthne catalysts in addition to conferring
possible hemilibility* ** ***For instance, Gaet al® recently reported salicylaldimito N*O
ligated nickel(ll) complexes to as highly activédhyéene polymerization catalystscatalysts.
On the other hand, Zhou and his co-workers repatedher series of nickel(ll) complexes
ligated by N,O donor ligands based on 4,6-dideydryl-2-[(arylimino)methyl]phenol

derivatives, which exclusively dimerize ethylenétdgenes.

We recently reported the use of N*N-donor (iminafajpyridine palladium(ll) and

nickel(ll) complexes as ethylene dimerization afigamerization catalysts’?° In order to



further investigate the role of the ligand architee and effect of mixed donor ligands on the
catalytic behaviour of these complexes, we now ntefee use of N*O donor nickel(ll)
complexes based on (imino/amino)phenol ligandgtadene dimerization and trimerizations
catalysts. The structural elucidation of these @lgh complexes and their catalytic
behaviour towards ethylene oligomerization underious reaction conditions have been

investigated and would be discussed.

Experimental section
Materials and methods

All synthetic manipulations were performed usingnstard Schlenk-line techniques
under a nitrogen atmosphere. The solvents weranglokdrom Merck and dried or distilled
using appropriate methods. The chemicals; 2’-hygraxetophenone (98%), 2-methoxy
amine (99%), ethanolamine (99 %)N\,N-(diethyl)ethylenediamine (99%), sodium
borohydride (98%), nickel(ll) bromide (98%), niclél bromide-1,2-dimethoxyethane
(97%) and nickel(ll) chloride (98%) were obtainedni Sigma Aldrich and used as received.
'H NMR and**C {*H} NMR (100 MHz) spectra were recorded on a 400AMBfuker Ultra
shield NMR spectrometer in CDLlnd DMSO-¢ solvents. The infrared spectra were
recorded on a Perkin Elmer, Spectrometer 100. L&ni&r micro-mass Spectrometer model
LCMS-2020, was used for mass spectral analysemdflal analyses were performed on a
Thermal Scientific Flash 2000. The magnetic momemte determined using Evans balance
(Sherwood MK-1). Varian CP-3800 gas chromatographpped with a CP-Sil 5 CB (30 m x
0.2 mm x 0.25 pm) capillary column was used for &@lyses while GC-MS analyses were

performed on a Shimadzu GCMS-QP2010SE.



Syntheses of ligands and their respective nickel{lcomplexes
2-[1-[(2-hydroxyethyl)imino]ethyl]phenol L)

To a solution of 2’-hydroxy acetophenone (1.50 3,00 mmol) in ethanol (30 ml)
was added ethanolamine (0.67 g, 11.00 mmol) amataytic amount of para tolyl sulfonic
acid (5.00 mg) to give a light green solution whweas refluxed for 24 h at 60 °C. After the
reaction period, the solvent was removed underwacto giveL1 as light brown oil. Yield:
2.58 g (80%)'H NMR (400 MHz, CDCY): du/ppm: 2.37 (s, 3H, C-C¥t 3.75 (t, 2H 3 =
8.0 Hz, N-CH); 3.99 (t, 2H334 = 8.0 Hz, O-CH); 6.75 (d, 1H33}4 = 8.0 Hz, 6-ph); 6.92 (d,
1H, 3J4n = 8.0 Hz 4-ph); 7.28 (dd, 1F}y, = 8.0 Hz, 5-ph), 7.48 (d, 1F}us = 8.0 Hz, 3-ph).
3c{*H} NMR (CDCls): 8/[ppm: 42.6, 58.3, 63.7, 116.6, 128.3, 130.7, 1383B.5, 162.4,
173.4. FT-IR (cri): vio.ry: 3164;v(ony: 2865;vc=n):1604. TOF MS ESIm/z (%), 180.1028

([M + H]", 100%). HRMS calc for H13NO,, 180.1025. Found, 180.1028

2-[[(2-hydroxyethylhimino]methyl]phenolL@)

CompoundL2 was synthesized following the same procedure adofur L1 using
salicyladehyde (1.50 g, 0.01 mol) and ethanolar(n£3 g, 0.01 mol) to give2 as a brown
oil. Yield: 1.87 g (84%)H NMR (400 MHz, CDCY): 8u/ppm: 3.79 (t, 2HJu = 4.0 Hz, N-
CHy); 3.96 (t, 2H, 3y = 4.0 Hz, O-CH); 6.89 (t, 1H 23} = 8.0 Hz, 6-ph); 6.98 (d, 1H}u
= 8.0 Hz, 4-ph); 7.28 (d, 1HJ}u4n = 8.0 Hz, 5-ph); 7.36 (d, 1H}4w = 8.0 Hz, 3-ph), 8.42 (s,
1H, N=CH).*C {*H} NMR (CDCls): 8/ppm: 61.7, 62.1, 117.1, 118.7, 131.5, 132.5, 161.2
166.94. FT-IR (cril): vio.ny: 3353;v(o-+): 3057;v(c=n):1631. TOF MS ESI: m/z (%), 166.09

([M + H]*, 100%). HRMS for H1:NO,, 166.0868. Found, 166.0866



2-[1-[(2-hydroxyethyl)amino]ethyl]phenolL @)

To a solution of compoundl (0.50 g, 2.79 mmol) in methanol (30 ml) was added
NaBH, (0.54 g, 13.90 mmol) to give a clear solutionathivas stirred under reflux for 4 h at
50 °C. The solvent was reduced under vacuum anceiidue re-dissolved in chloroform (30
ml) and washed with distilled water (3 x 20 mlreanove excess NaBHThe organic layer
was then separated and dried over MgSitered and solvent removed under reduced
pressure to afforti3 as a light yellow oil. Yield: 0.16 g (32%H NMR (400 MHz, CDGJ):
Su/ppm: 1.51 (d, 3H3un = 4.0 Hz, C-CH); 2.74 (t, 2H 234w = 4.0 Hz, N-CH); 3.79 (t, 2H,
334n = 4.0 Hz, N-CH)); 4.00 (q, 1H3J4n = 4.0 Hz, N-CH); 6.80 (d, 1H 4 = 8.0 Hz, 6-ph);
6.98 (dd, 1H33 = 8.0 Hz, 4-ph), 7.15 (d, 1H}n = 8.0 Hz, 5-ph); 7.20 (d, 1H}un = 8.0
Hz, 3-ph).’*C {*H} NMR (CDCls): &/ppm: 22.4, 49.1, 58.91, 61.3, 116.8, 119.2, 126.4,
128.1, 128.4, 157.1. FT-IR (h1 vinny: 3309;v(o.y: 3047;v(ony: 2963. TOF MS ESI: m/z
(%), 180.1023 ([M- H]*, 100%), 181.1078 ([M] 14%). HRMS calc. for GHisNO,,

180.1025. Found, 180.1023.

2-{[(2-hydroxyethyl) amino]methyl}phendl4)

CompoundL4 was prepared according to the procedure descrireld3fusingL2 (0.54 g,
3.25 mmol) and NaBH(0.62 g, 16.25 mmol). Yield: 0.058 g (11%H NMR (400 MHz,
CDCl): du/ppm: 2.89 (t, 2H3}u4 = 4.0 Hz, N-CH); 3.83 (t, 2H 34 = 4.0 Hz, O-CH); 4.06
(s, 2H, N-CH); 6.85 (p, 2H3J = 8.0 Hz, 3,5-ph); 7.02 (d, 1HJ)4n = 8.0 Hz, 6-ph); 7.21
(dd, 1H,3%3 = 8.0 Hz, 4-ph)*°C {*H} NMR (CDCls): &/ppm: 50.45, 52.3, 61.2, 116.4,
119.1, 12.4, 128.43, 128.8, 158FT-IR (cm"): vinv.hy: 3263;v(ony: 3228;v(o.ny: 2837. TOF
MS ESI: m/z (%), 166.09 ([M H]*, 100%). HRMS calc. for GH1;NO,, 166.0868. Found,

166.0864.



[Ni(L1)Brz] (1)

Complex 1 was synthesized by adding a solution of [NiBPME)] (0.10 g, 0.33
mmol) in dichloromethane (5 ml) to a solutionLdf (0.12 g, 0.66 mmol) in dichloromethane
(5 ml). Then the solution was allowed to stir f@r 2 at room temperature to give a yellow
precipitate which was filtered and washed with thobmethane (10 ml). Yield: 0.04 ¢
(28%). TOF MS ESI: m/z (%), 397.1000 ([M-GH18%). FT-IR (cn): viory: 3292;v(o-hy:
2858; vic=ny. 1626. Hops = 3.10 BM. Anal. Calcd for GH17NO2NiBr,3H,0: C, 26.59, H,
4.24, N, 3.10. Found (%): C 26.58, H 4.37, N 3.26.

Complexeg - 5 were synthesized following procedure describedcéonplexl1 using
appropriate ligand and nickel(ll) salts.

[Ni(L1)Cl2] (2)

NiCl, (0.10 g, 0.80 mmol) andl (0.15 g, 0.80 mmol). Green solid. Yield: 0.07 g @&).

TOF MS ESI: m/z (%), 236.02 ([M2CIJ*, 100%). FT-IR (cri): V(o-H): 3307;v(o-H): 3009;

v(c=n). 1630. ps= 3.14 BM. Anal. Calcd. for gH13NO:NICl,CH.Cl,: C, 33.55; H, 3.84; N,

3.56. Found (%): C 33.23, H 3.93, N 3.81.

INi(L2)CIZ] (3)

L2 (0.22 g, 1.32 mmol) and Nigl(0.17 g, 1.32 mmol). Recrystallization from
methanol/diethyl-ether solution mixture affordedidlcrystals suitable for single-crystal X-
ray analysis.. Yield: 0.22g (59 %). TOF MS-ESI: rt#), 222.00 ([M - 2CI|, 100%). FT-IR
(cm™): vony: 3426; viony 2922; vceny 1644. ps = 3.55 BM. Anal. Calcd. for

CoH11NO,NIClyH20: C 34.56, H 4.19, N 4.48. Found (%): C 34.92,.8B4N 4.02.



[Ni(L3)Bra] (4)

Ligand L3 (0.10 g, 0.56 mmol and [NiB(DME)] (0.15 g, 0.55 mmol). Blue solid.
Yield: 0.20 g (90%). TOF MS ESI: m/z (%), 237.98M(RBr]", 50%). FT-IR (cr): vin.hy:
3237;v(o-H): 3058;v(0-ny: 2837. [ps= 3.75 BM. Anal. Calcd. for gH1sNO.NiBr2: C, 30.05;

H, 3.78; N, 3.50. Found (%): C, 30.24; H, 3.953\28.

[Ni(L4)Cl3] (5)

NiCl,6H,0 (0.12 g, 0.48 mmol) and4 (0.08 g, 0.48 mmol). Green solid. Yield: 0.03
g (21 %). TOF MS-ESI: m/z (%), 224.01 ([M - 2€IL00%), 225.02 ([M - 2CI] 40 %). FT-
IR (cm™): vivny: 3250; oy 3179; viory 2932. bs = 3.58 BM. Anal. Calc. for

CoH1aNONICl, (%): C 36.42, H 4.41, N 4.72. Found (%): C 361391.38, N 4.65.

X-ray crystallography data collection

X-ray crystallographic data collection for compouBa was recorded on a Bruker
Apex Duo diffractometer equipped with an Oxfordtinsent Cryojet operating at 100(2) K
and an Incoatec microsource operating at 30 W poweystallographic and structure
refinements data oBa is provided in Table 1. The data was collectechwiito Ka (A =
0.71073 A) radiation at a crystal-to-detector distaof 50 mm. The data collections were
performed using omega and phi scans with exposakes at 30 W X-ray power and 0.50°
frame width using APEX2’ The data was reduced with the program SAiNTing outlier
rejection, scan speed scaling, as well as stardaehtz and polarisation correction factors.

A SADABS semi-empirical multi-scan absorption catren was also applied to the data.



Direct methods, SHELXS-203%and WinGX® were used to solve the structure. All non-
hydrogen were located in the difference map anthedf anisotropically with SHELXZ-
201428 All the hydrogen atoms were included as idealigedtributors in the least squares
process. Their positions were calculated usingaadstrd riding model with C-tmatic
distances of 0.93 A anldis, = 1.2Uegand C-hhethyienedistances of 0.99 A arldiso = 1.2 Uq
and C-Hhewy distances of 0.98 A andis, = 1.5Ueq The amine N-H and hydroxyl O-H
hydrogen atoms were located in the difference densap and refined isotropically.
General procedure for ethylene oligomerization teats

Ethylene oligomerization reactions were performedai400 ml stainless steel Parr
reactor equipped with a mechanical stirrer, tenmpegacontroller and an internal cooling
system. The reactor was pre-heated to 100 Y@dauoand then cooled to room temperature.
The appropriate amount of the synthesized cataiyestursor (10.0 pmol) was weighed out
and transferred into a dry Schlenk tube under génoand toluene (20 ml) was added
utilizing a syringe. The required amount of a ctabst was then injected into the Schlenk
tube containing the pre-catalyst. The mixture wanttransferredvia a cannula into the
reactor followed by addition of 60 ml of tolueme a cannula to the reactor to give a total of
80 ml. The reactor was then flashed three timedh wethylene and the appropriate
temperature and pressure was set and the reattidadsby switching the stirrer. After the
reaction period, the reactor was cooled to appratehy -10 °C using ice and liquid nitrogen
and the excess ethylene vented off. The reactiantiven quenched by the addition of 10 %
hydrochloric acid (5 ml) and a portion of the réactmixture was sampled in a GC-vial for
GC and GC-MS analyses to determine the productiltlision. The mass of the product
formed was determined from the calibration curvehef R-factors for the standards the

number of carboriS and using n-heptane as an internal standard.



Results and discussion

Syntheses of N*O ligands and their respective h{tlkeomplexes

The (imine)phenol ligandd1l and L2 were synthesized by reacting equimolar
amounts of 2-aminoethanol with 2’-hydroxy acetopdven and salicylaldehyde using para
tolyl sulphonic acid as a catalyst (Scheme 1). Redas of compound&l and L2 with
NaBH, afforded the corresponding (amine)phenol ligah8sandL4 respectively (Scheme
1). The imine ligand&1 andL2 were obtained in high yields (84% and 80%),. Gsdther
hand, the corresponding amine compoub8sandL4 were isolated in very low vyields of
32% and 11% respectively, pointing to possible &fficiency of the NABH reducing agent
used. Reactions of ligandsl-L4 with appropriate nickel(ll) salts gave the corresgiag
nickel(ll) complexesl-5 (Scheme 2). All the complexes were isolated asdsappic solids

in low to high yields (21%-90%).

/\/OH
HoN
. NaBH,, R
3 R —_—
p-1sOH 50 °C, CH3OH
EtOH, 50-60 °C | P& HN

OH (6] OH N HO j

OH HO
R=CH, L1 R=CH;, L3
R=H,L2 R=H,L4

Scheme 1Synthesis of N*O donor ligands and their respeatickel(ll) pre-catalyst$-5.

The compounds were characterized by a combinatibn'tb and *C NMR
spectroscopyl(l-L4), mass spectrometry, IR spectroscopy, micro-aealgsmd single crystal
X-ray crystallography for comple3. As an illustration'H NMR spectrum of.2 (Fig. S1)
showed a singlet peak around 8.42 ppm, which wagnadistic of the imine proton. Reduction

9



of L2 to give the amine ligand4, resulted in the appearance of a new sighdl.06 ppm in
the'H NMR spectrum, consistent with the presence ddraine proton. Th&C {*H} NMR

spectra (Fig. S2) of the ligands were consistett tie’'H NMR spectral data.

R [ :L R
| NICl , / NiBr »(DME) |
OH Nj > HO

CH,CI N
<<l \N_/ j
|
AN
X

HO H
R=CHj, X=Br, (1) R=CHg, X = Cl, (2) R=H, X = CI, (3)

R
- H
OH HN CH,Cl, HO N
N
|
AN
x O
H

R =H, X =Br, (4) R =CHg, X =Cl, (5)

NiBr »(DME) / NiCl 5.6H,0

HO

Scheme 2 Synthesis of the N*O ligated nickel(ll) complexes

IR spectroscopy was also used in the structuraiddtion of ligandd.1-L4 and their
nickel(ll) complexesl-5. For example, the formation of imine ligands watablished from
the presence of thgc-y) signal at 1 615cthand 1 604 ci for L1 andL2 respectively (Fig.
S3). The absence of these signals in the IR spettit& andL4 confirmed the successful
reduction of the corresponding ligandk andL2. Formation of the nickel(ll) complexéds5
was also deduced by comparing their IR spectrehtse of the respective ligands. For
instance, a shift of thegty) signasfrom 1 615 crit in L1 to 1 630 crit in complex1 was
observed. Similarly, the.y signals at around 3 059 &mand 3 292 ciin L1 and its
corresponding complek respectively established the coordination of thermlic O atom to

nickel(ll) atom; and more importantly, absence epmbtonation and coordination of the

10



ligands in their neutral forms. Fig. S4 shows tRespectra of ligant4 and its corresponding
complex5.

Mass spectrometry was also used to establish thatitg of the ligands their
corresponding complexes. For example, the masstrape of complex3 showed an m/z
value at 443.0172 amu formed after the loss ofttee CI ligands and stabilization of the
fragment by another ligand unit. The base peak2at@®13 amu results from the loss of
secondary ligand unit (Fig. S5). The magnetic maseh complexed-5 were obtained in
the range of 3.10 — 3.76 BM. These values weréthlichigher than spin only magnetic
moments of 2.83 BM but fall within the expected range for high spiokel(l) complexes
of 2.9-4.2 BM*! The elemental analyses data of complek&swere found to be consistent
with one ligand motif per nickel(ll) atom in goodraement with the proposed structures in

Scheme 2.

Solid state structure of nickel(ll) compl8a

Single crystals suitable for X-ray analysis of coex@Ba (derivative of3) were grown
by slow diffusion of diethyl ether into methanoligmn of complex3 at room temperature
and used for its solid state structure determinatibable 1 gives a summary of the
crystallographic data and structure refinement rpatars, while Figure 1 represents the
molecular structure and selected bond parametefoplex3a. The solid state structure of
3a revealed the formation of a dinuclear species Imiclv the coordination sphere around
each nickel(ll) atom contains one tridentate boligand unit, one terminal chloride ligand
and one methanol solvent to give an octahedrahgemment. The phenolate O atom bridges
the two nickel atoms, confirming deprotonation loé 1O-H group during crystallization. The
empirical formula of the solid state structure3afthus differs from that of compleX which

contains one ligand unit and two chloride ligands mickel(ll) center. Such transformations

11



have been reported in literature and relate totivelastabilities of the dinuclear and
mononuclear species and may also be solvent driven.example, the structure 8k
compares favorably to the one reported by Dey al** for bis(w-2-((2-
Hydroxyethyl)iminomethyl)phenolato-N,O,0,0’)-bis@ate-O)-diaqua-di-nickel(ll)

complex.

Table 1 Crystal data and structure refinement for comglax

Parameter Value
Empirical formula Gg Hag Cl> N2 Nio Og
Formula weight 580.72 g/mol
Temperature 100(2) K
Wavelength 0.71073 A

Crystal system Monoclinic
Space group P 2/n
a 8.3440(7) A
b 8.9628(7) A
C 16.4951(13) A
a 90°
B 101.127(2)°
Y 90°
Volume 1210.41(17) A
Z 2
Density (calculated) 1.593 Mghn
Absorption coefficient 1.814 mmh
F(000) 600
Crystal size 0.520 x 0.240 x 0.150 ®m

Theta range for data collection
Reflections collected
Completeness to theta = 25.242°
Max. and min. transmission

2.517 to 28.299°.
10761
100.0 %
0.789 and 0.446

12



Data / restraints / parameters
Goodness-of-fit on &
Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

2994 /21154
1.044
R1 =0.0197, wR2 ©472
R1 =0.0206, wR2 = 0.0476

0.450 and -0.281-2.A

Figure 1. Molecular structure diagram of compl&a with 50 % probability ellipsoid.

Selected bond lengths (A) and angles (°): Ni(1)JN@.0012(10); Ni(1)-O(1), 2.0619(8);

Ni(1)-0(2), 2.1400(9); Ni(1)-O(3), 2.1303(9); Ni¢DI(1), 2.4083(4); N(1)-Ni(1)-O(1),

91.45(4); O(1)-Ni(1)-O(1), 80.40(4); N(1)-Ni(1)-0(280.65(4); O(1)-Ni(1)-O(2), 107.15(3);

0(3)-Ni(1)-CI(1), 173.20(3); O(2)-Ni(1)-CI(L), 90683).
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The average Ni-O bond length of compReof 2.0619(8) A was found to be longer
than the average Ni-O bond length of 2.039 A regubit 78 similar structures, a trend that
could result due to the bridging O atdPrin contrast, the Ni-line bond length of 2.0012(10)
A obtained was found to be shorter than the avehigimine bond length of 2.003 A
reported literature for 78 similar structurdsThe selected bond angles3af for O(1)-Ni(1)-
O(1), N(2)-Ni(1)-O(2), O(3)-Ni(1)-CI(1) of 80.40(4nnd 80.65(4)° respectively significantly

deviate from the expected¥énd thus demonstrate a distorted octahedral gepriet

Catalytic behavior of nickel(ll) complex&s5 in ethylene oligomerization reactions

The catalytic abilities of the nickel(ll) complexds5 in ethylene oligomerization
reactions were investigated using EtAl@k the activator in chlorobenzene solvent. Table 2
gives a summary of the results obtained for thdelftd) pre-catalystsl-5. The ethylene
oligomerization reactions predominantly produced@d G oligomers as the main products.

The oligomeric products were characterized usingmabination of GCand GC-MS (Fig. S6).

Table 2 Ethylene oligomerization data obtained for ni¢kcomplexesl-5 using EtAIC).*

Entry Catalyst Tmin/Tmax Yield Activity Product distribution (%) €

() ©@°  (kg.mol™ .h)°

Cy Cs a-Cy a-Ce
1 1 25/30 25 2 500 27 73 85 91
2 2 25/27 26 2600 29 71 99 74
3 3 25/29 19 1900 31 69 87 75
4 4 25/26 20 2 000 20 80 98 87
5 5 25/33 15 1500 22 78 93 86

®Reaction conditions: [Ni] =10 umol; solvent, chibemzene, 80 ml (90 g); temperature, 25
°C; time, 1 h; pressure,10 bar; Al/Ni=250.

14



PInitial temperature was 25 °C,k and Thax = lowest and highest temperatures obtained
during the reaction period.

“Determined using n-heptane as an internal standard

d Activity, kg oligomer produced per mol catalysir fnour

*Determined by GC.

From Table 2, it was evident that the ligand amsttitre and the identity of the halides
influenced the catalytic activities of the nick8l@omplexes. For instance, catalytic activities
of 2 600 kg.mot.h* and 1 900 kg.m&lh™* were observed for the methyl substituted and
unsubstituted complexe® and 3 respectively (Table 2, entries 2 and 3). This ¢&n
attributed to improved solubility of compleéxin comparison to the non-substituted complex
3.3* Significantly, the imine catalysts were more agtoompared to their amine analogues.
For example, the imine and amine complekemd4 exhibited catalytic activities of 2 500
kg.mor*.h* and 2 000 kg.mdlh™ respectively (Table 2, entriesvs 4) This was expected
due to greater electrophilicity of the imine conxgs. It was also observed that the chloride
complex2 was more active than its bromide analogue comflexr good agreement with

the reports of Zhangt al*®

using 2, 6-pyridicarboxamide nickel(ll) complexds.general,
the selectivity towards the formation of (20%-31%) and £(69% -80%) oligomers was not
significantly affected by the ligand motif. This ieasonable from the comparable steric

parameters around the nickel atom in complédxgs

Investigation of the effect of reaction conditiamsthe catalytic behavior compl&x
The effect of varying the reaction parameters wagestigated using/EtAICI,
catalyst system and the results are summarizedhieT3. Both the catalytic activities and the

product distribution were significantly affected the variation of pressure, Al/Ni ratio, time
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and solvent medium. The AI/Ni ratio was varied fra®s0 to 300 (Table 3, entries 1 - 4) to
give an optimum catalytic activity of 3 900 kg.nidi* at Al/Ni ratio of 200. A decrease in
the catalytic activity was observed at higher Alfidtios of 250 and 300, which has been
attributed to increased alkylaluminium impuritieshigh might result in catalyst
deactivatior™> As the Al/Ni ratio was increased from 150 to 3@0e selectivity of @
oligomer was observed to increase from 32% to 78%td possible increased chain transfer
to the co-catalyst. Another plausible explanationificreased £oligomers at higher Al/Ni

ratios could be increased chain termination agisirom enhanced catalytic activity.

Table 3. Ethylene oligomerization reactions of tB&tAICI, systend

Entry Time  Pressure Al/Ni Yield® (g) Activity Product Distribution (%) ®
(h) (Bar) (kg.mol*.hH)° ¢c, Co 0-C4  a-Cg
1 1 10 150 29 2900 32 68 73 40
2 1 10 200 39 3900 45 55 85 57
3 1 10 250 19 1900 31 69 87 75
4 1 10 300 17 1700 73 27 97 87
5 0.5 10 200 15 3 000 62 38 84 49
6 2 10 200 57 2800 33 77 91 72
7 1 20 200 62 6 200 66 34 88 69
8 1 30 200 118 11 800 78 22 90 75
0° 1 10 200 21 2 100 100 - >99 <1

@ Reaction conditions3]= 10 umol; solvent, chlorobenzene, 80 ml; Tempeegt25°C.
® Determined using n-heptane as an internal stendar

¢ Activity, kg oligomer produced per mol catalyst peur.

4 Determined by Gas Chromatography.

®In toluene solvent;

To probe the stability of the resultant catalysts,varied the reaction times from 0.5 h to 2
h using3/EtAICI, catalyst system (Table 3, entries 2, 5 and 6§rebsed catalytic activities

from 3 000 kg mot h* to 3 900 kg mét h' with reaction time from 0.5 h to 1 h was
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observed, consistent with an induction period withih® However, prolonged reaction times
was marked by decreased catalytic activities (2 B@@nol*.h* within 2 h), indicative of
catalyst deactivatiorf. With respect to product distribution, there wagemeral decrease of
C,4 oligomer with reaction time followed by a concomitancrease in the Lfraction. For
instance, percentage compositions afdf 62%, and 45% were reported at 0.5 h and 1 h
respectively. This can be apportioned to chainsegiion/G incorporation with ethylene
monomer over prolonged reaction times to give theligomers®’ As expected, variation of
ethylene pressure from 10 bar to 30 bar resultaatsignificant increase in catalytic activity
from 3 900 kg.mot.h* to 11 800 kg.mét.h™ (Table 3, entries 2 and 8 respectively). The
oligomer distribution was also affected by presstiranges as seen from selectivities gf C
oligomer of 33% and 78% at pressures of 10 bar3@ndar respectively. The observed trends
in selectivity of G over G is consistent with increased -catalytic activitiagich
subsequently results in rapid chain terminaffon.

The effect of solvent on ethylene oligomerizati@aations was also investigated
using3/EtAICI, system in chlorobenzene and toluene solventssdhlvent used significantly
affected both the catalytic activity and selecyividf complex3. For example, catalytic
activities of 2 100 kg.mdih! and 3 900 kg.mdlh® were obtained in toluene and
chlorobenzene solvents respectively (Table 3, ent2ivs 9). The higher catalytic activities
observed in chlorobenzene could be attributed toroved solubility of the comple® in
chlorobenzene. On the other hand, the use of teluesulted in higher chemoselectivity for
C4 oligomer (100%) compared to compositions of 45%) (énd 55% (G) reported in
chlorobenzene respectively (Table 3, entriegs®). While the difference in selectivities
observed can be attributed to higher catalytiovdigs in chlorobenzene compared to toluene

solvent, the drastic change is rather unusual.
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4. Conclusion

The N”O donor imine and amine ligands and theipeesve nickel(ll) complexes
were successfully synthesized and characterizelde sblid state structure of compl8a
confirmed the formation of a dinuclear species mal the ligand is tridentate and bridges
the two metal atomgia the phenolate O atom. The nickel(ll) complexes fednactive
catalysts for ethylene oligomerization reactionsru@ctivation with EtAIG co-catalyst to
afford mainly butenes and hexenes. The catalytiviaes of the nickel(ll) complexes were
greatly influenced by the structure of the catalgad the reaction parameters. Higher
catalytic activities resulted in lower product stiaty, while lower catalytic activities

showed better selectivity of the catalysts.
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Highlights

N”O donor nickel(11) complexes successfully synthesized and characterized
Tridentate coordination and formation of dinuclear complexes established
The nickel(11) complexes formed active catalysts for ethylene oligomerization
The imine complexes more active than amine anal ogues

Oligomeric products mains butenes and hexenes depending on reaction conditions



