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A series of N-alkyl 2,2dipyridylamine ligands of general formula (2ZHGNR),NR’, (): R=H, R=
Me; (b): R = H, R = benzyl; €): R = H, R = methylcyclohexyl; d): R = H, R = neopentyl; €): R = Me,
R’ = Me) were prepared by a modified method involMirage-mediated N-alkylation with the respective
10 alkyl halide. Reaction of the ligands.e with NiCl,(DME) allowed for the isolation of u-ClI Ni(ll)
complexes: [Ni(1-CH}CI] » (1a); [Ni(u-CI{ b}Cl] » (1b); [Ni(n-CI{ c}Cl] 2 (10); [Ni(n-CI{ d}Cl] , (1d)
and [Ni(u-Cl){e}Cl] , (1e). The complexes were characterised by FT-IR spsmbimy, magnetic
susceptibility measurements, mass spectrometmyegital analyses and in the casd&fSCD analysis.
In the case of compleke, an acid-mediated hydrolysis process was idedtifléne product of hydrolysis,
15 the protonated ligand and a tetrachloronickelalte( $a-A), was characterised by SCD analysis.
Activation of 1a-1lewith alkyl aluminium reagents generated highlyatgatalysts for the
oligomerisation of ethylene, with activities of tqgp864 kgngommmoINi.h'l and high selectivity toward the
formation of butenes. In genertdans 2-butene was observed as the major isomer, wétlexiception of
le In the case ofg the selectivity for 1-butene was 98 %, therebyadlestrating the significant effect
20 that the introduction of a low degree of stericsgtee in the coordination sphere of the catalystima
selectivity.

40 both remarkable activity and selectivity when apglito olefin
Introduction homo- and co-polymerisation or oligomerisation tiars,
thereby circumventing the inherent limitations aflg transition
metal catalyst systerf$Seminal experimental and computational
contributions by Brookhart and others elucidatedkiine features
4sin homo- and co-polymerisation reactions of thisssl of
catalysts. In the case of palladium, low temperagjrectroscopic
and computational investigations identified theabet resting
states to be Pd-alkyirolefin species, establishing zero-order
kinetics in olefin; barriers to insertion were deteed to be in
so the range 17-18 kcal/mol; branching in homopolyseion was
established to proceed via the isomerisatior-afostic Pd-alkyl
species with isomerisation barriers of 8-9 kcalfneblain transfer
proceeded via associative exchange of free olgfih that the
' degree of branching in the obtained polymer wagpeddent of
ss ethylene pressure while the morphology of the pelymas
pressure dependeht.For Ni(ll) analogues, the degree of
branching within the polymer formed during Ni(lljidine
catalysed polymerisation was found to differ sigpaiftly with
varying reaction conditions and the structure & datalytically

The field of transition metal-mediated olefin oligerisation and
polymerisation has seen phenomenal growth ovepé#st three
25 decades. Initial reports detailed the applicatibearly transition
metal catalyst systems of Ti, Zr and Hf constraimggbmetry
catalysts (CGC's) which displayed exceptional attivin
ethylene polymerisatioh. Despite their high activity, these
catalyst systems generally showed low levels ofircBatrapment
30 in ethylene homopolymerisation as well as low levef co-
monomer enchainment in ethylem@lefin co-polymerisation.
In addition, the inherent oxophilicity of thesealgsts necessitate
the rigorous exclusion of oxygen and water andlpdsd the use
of polar o-olefins in co-polymerisation reactions. Brookhart
35 Grubbs and Gibson paved the way for the developrotmdte
transition metal catalysts of Ni and Pd which weepable of
ethylene polymerisation/co-polymerisation with nmolar and
polar a-olefins® Of particular significance was the work done on
Ni and Pd systems ligated by diimine ligands, whitisplayed
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active species. The degree of branching was shawrbet R
negligible at low reaction temperatures and highylene UL NP
pressures when employing pre-catalysts with deetkageric R | N  N__=
bulk. In contrast, employing sterically encumbepad-catalysts SN _ R_C;_Nf R

sat high temperatures and low ethylene pressure téedhe | N N ) LOMENCL). DM, 05 c o
formation of highly branched polyethyleféEthylene insertion n.23h R' Ni’fC|
barriers were found to be 4-5 kcal/mol lower in rgyein R R AN WA
comparison to their Pd congenémshile the energy barriers for \ | . |
insertion from sterically encumbered analogues waightly N

10 lower than the less sterically congested Ni-alyédges. With R
key mechanistic insights established, numerousrtepave since . _ Me: R = H 12 R=Me R = H
been published detailing the catalytic applicatafncomplexes ' '
bearing nitrogen donor ligands in olefin transfotioas® b: R=Bn; R'=H 1b: R=Bn; R'= H

Gambarotta and co-workers recently reported théhsgis and ¢ R=MeCy; R =H 1c: R = MeCy; R' = H

s application  of  Cr(lll) complexes  bearing N-alkyl d:R=Np, R =H
dipyridylaldimine ligands in selective ethylenersherisatior?.
They found that these complexes, after activatioith van
aluminium co-catalyst, catalysed the formation feoe Scheme 2 Synthesis of dinuclear Ni(ll) N-alkyl 2,2'-dipyridylaldiminato
selectively as well as a significant amount of wBxring the complexes

20 course of their catalytic investigations they foutitht the

introduction of steric bulk in the form of Me-grasiprtho to the o o )
pyridine nitrogen atoms switched the product saligtirom 1- ' e N-alkyl-2,2-dipyridylamine ligands&e) were reacted with

1d: R=Np; R'=H
e: R=Me; R'=Me 1e: R =Me; R'= Me

octene to 1-hexene (Scheme 1). N_iCIz_(DME)_ _ to afford dimeri_c _Ni(II_) N-alkyl-2,2-
ss dipyridylaldiminato complexesla-1ein high yields (Scheme 1).
R The complexes were isolated as blue-greia), (green b and
A=Me B N S B A=H 10) or yellow-green 1d) paramagnetic and hygroscopic solids
1-hexene <B=H | N N~ BEMe 1 octene which displayed solubility in polar coordinating hgents and
AC|:‘C'r/ A alcohols. In the case of complér, a pale purple-pink solid was
C(éI\THF eo isolated. The complexes were found to be insoliblethers,

alkanes and chlorinated solvents. Complexis-1e were

characterised by a range of spectroscopic and tawaly

25 Scheme 1 Switchable catalytic selectivity as a function of steric bulk in techniques.

Cr(lll)-catalysed ethylene tetramerisation. Characterisation of the complexes by FT-IR spectiogshowed

esa shift to higher wavenumbers of the pyridyl ringine
absorption bands, observed in the range 1597-16001&65-
1581 cm' for the complexes. Analogous shifts have been
observed previously for related Ni(ll) complexeshieh is
indicative of ligand coordination to nickEl.Characterisation by

70 ESI-MS spectrometry of complexdsa-le revealed interesting
solvent-dependent fragmentation behaviour. When
acetonitrile/0.1 % formic acid solution was empldyas the
solvent during the ESI-MS experiment, mass fragsent
corresponding to mononuclear, dinuclear and triarclspecies

s were observed (Fig. 91 Species aggregation is a common

Synthesis and characterisation phenomenon during the ESI-MS experiment and has bee
reported previously for palladium complexXésin contrast to
what was observed when employing acetonitrile/foracid as
solvent, the ESI-MS spectra obtained when employifg %

so MeOH as dissolution and introduction solvent shtivesabsence
of dinuclear and trinucleas species. Instead, licades isotope

R = C,H,Si(OEt),

Intrigued by these results, we set out to evaltiaeeffect that
increasing the electron-donating ability of tRealkyl substituent

30 and the introduction of steric bulk in tleetho position of the
pyridyl ring would have on activity and selectivitg Ni(ll)-
catalysed ethylene oligo-/polymerisation. Herein sgport our
synthetic and catalytic application of a seriemo¥el dinuclear
Ni(ll) N-alkyl dipyridylaldiminato complexes.

ss Results and Discussion

A series of known as well as novstalkyl-2,2-dipyridylamine
ligands of general formula (258;NR),NR’, a: R = H, R = Me;
b: R = H, R = benzyl;c: R = H, R = methylcyclohexyld: R =
o H, R = neopentyl;e: R = Me, R = Me) were prepared by a
modi.fied metlt)lo?linvolv;ng base-mediateﬂalkylatign (Scheme clusters were observed which correspond to a declyged
2). Ligandsa,™ b™* andd® have been reported previously whereas species with the formulation [M + Na + MeGHjwhere M =

c and e are novel. The Ilga_nds were isolated, af_ter C_°|umn[Ni(p-Cl){L}CI] , (Fig S21). The experimental solid state
chromatography, as .yellow o!la,(c, d, e or asa solid k) N magnetic susceptibility values for complexesle are in the
45 60-90 % yield. The ligands dlsplayed solubilityritost organic range y 3.89-4.47 , higher than the spin-only value of 2.83
solvents and were characterised by FT-IR alttl NMR expected for two unpaired electroffs. Despite this,

3~rl
spectroscopyg, b, d) as well_asl C{*H} NMR spectroscopy, experimentally determined values are within thegeanbserved
ESI-MS and elemental analysis é).

2 | Journal Name, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]
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reported for high-spin dimeric Ni(ll) complexes i = 1%° purple-pink solid, the colour of which suggestedqaiare planar
The structure of compleka was unambiguously determined by geometry around the metal centre, alluding to theaincentre
SCD analysis on single crystals grown by vapor difin of being diamagnetic (Fig. $8

diethyl ether into a methanol solution of the coempl The

. 35 Table 2 Crystallographic data pertaining to complex2MeOH
s molecular structure consists of a MeOH-solvated PNEII) »

dimer, 1a.2MeOH (Fig. 1), residing on a crystallographic la.2MeOH
inversion center. Empirical Formula GHacCLNgNi 07
Temperature 100(2)
Crystal System Monoclinic
Space Group 2
alA 8.4860(14)
b/A 14.430(2)
c/lA 11.5135(19)
a(®) 90.00
A°) 95.387(2)
) 90.00
VIA® 1403.64
z 1
F(000) 712
D (g cm?) 1.6411
pmmit 1.757
Reflections [Fo > 4(Fo)] 3237
Parameters 178
GOF 1.045
R; (1> 29) 0.0208
WR; 0.0263
Fig. 1 Molecular structure of 1a.2MeOH drawn at 50 % probability When 1e was dissolved in dichloromethane it formed a pied-

10 ellispoids. Hydrogen atoms omitted for clarity. . i . .
coloured solution. Previous literature reports halescribed

Metric parameters and crystallographic data areuléékd in 4 square planar Ni(ll) complexes as red or pink cadusolids?®
Tables 1 and Table 2 respectively. The coordinatjumere of the ~ However, analytical data, specifically magnetic caysibility
Ni(ll) centre is distorted octahedral with the emuial plane  data determined in the solid state, was consisteith a
occupied by two bridging Cl atoms and the N atorhsthe paramagnetic dinuclear chloro-bridged Ni(ll) complges: 4.47
15 chelate ligand while the axial positions are oceddiy a terminal ~ UB). Analysis of the complex byH NMR spectroscopy in
Cl atom and a bound MeOH molecule. 45 CD,Cl, also showed broad, poorly resolved resonances,
consistent with goaramagnetic transition metal complex (Fig.

Table 1 Selected bond lengths (A) and angd¢r complexla.2MeOH . . .
gths (A) gidg P S4h. Prolonged storage of a solution bé in dichloromethane

Bond Lengths (A) Bond Angles () resulted in the formation of a pale-yellow precpdt together
Ni1-N1 2.036(2) N1-Nil-N2 85.76(6) with blue crystals (Fig. S8 Removal of the supernatant and
Ni1-N2 2.044(1) N1-Ni1-Cl1 92.51(4) so analysis of the pale-yellow precipitate by FT-IR cpescopy
Ni1-O1 2.165(1) N1-Ni1-CI2 175.19(4) . . . . .

Nil-Cl1 2.394(6) N1-Ni1-O1 93.90(5) showed absorption bands identical to commerciaigilable
Ni1-CI2 2.415(5) N2-Ni1-Cl1 94.00(4) NiCl, (Fig. S8). This initial result suggested that the complex
N2-Ni1-Cl2 173.61(4) dissociates in solution to generate the uncoordihat

dipyridylamine ligand and nickel chloride. Layeriog the pink-
ssred solution with pentane and storage at(s generated blue

The Ni1-CI1 and Nil-CI2 bond lengths of 2.394(6) @ui15(5)  Crystals which were analysed crystallographicallg-g). The
20 A respectively fall within the expected range repdrfor other p-  @ssymetric unit consists of a tetrachloronickeateon which is
Cl Ni(ll) dimeric structured" *® In addition the N1-O1 bond charge-balanced by twoN-protonated 6,6dimethyl-2,2-
length of 2.165(1) A falls within the range obsenfer MeOH  dipyridylamine  ligands, ~ which  is  effectively  a
solvated-Ni(ll) complexe¥’ The deviation from planarity in the e tetrachloronickelate salt (Fig. 2). Selected boedgths and
octahedral geometry is as a result of chelatiothefigand to the ~ angles (Table 3) as well as crystallographic patersgTable 4),
2s metal centre, with a N1-Nil-N2 angle of 85.77The bound are tabulated. The cationic and anionic portiores effectively
MeOH molecule is also slightly tilted within theystal structure ~ dissociated, as evidenced by Ni-N1 and Ni-Ndnd distances of
as observed by the O1-Ni1-CI2 angle of 81°3All other bond ~ 5540 and 5.768 A. The Ni- and O-atoms are locatedan

lengths and angles fall within the expected ramgetfis class of e inversion centre and display i€l interactions related by
complexes. symmetry of 2.198 A. In addition, ‘+Cl interactions are

20 Complex le displayed interesting solution behaviour during observed between the-Me and the CI atoms bound to nickel
with a distance of 3.619 A (Fig. 3). The molecudes packed in

attempts at recrystallisation. The complex wasaisal as a pale

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3
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rows parallel to thec axis, with the rows stabilised byt 35 chlorobenzene as solveéfit.
stacking interactions of 3.645 A and 3.490 A. Contiee rows

. - . . Table 4 Crystallographic data pertaining to complexA
along thea axis are linked via H-bonding to each other.

le-A
Empirical Formula GeH3:CliNgNIO ?
Temperature 100(2)
Crystal System Monoclinic
Space Group Lo
a/A 21.751(4)
b/A 11.949(2)
c/A 13.415(2)
a(®) 90.00
A°) 123.276(2)
1) 90.00
VIA3 2915.0(8)
z 4
F(000) 1336
D. (g cni®) 1.6411
fmm* 1.064
Reflections [Fo > 4(Fo)] 3380
Parameters 180
GOF 1.058
R; (1> 25) 0.0326
5 Fig. 2 Molecular structure of the crystals isolated as 1e-A, drawn at 50 % WR; 0.0749
probability. Ni and O atoms located on a centre of inversion. Selected
hydrogen atoms omitted for clarity.
Interleaving layers of metal anion, water and ljapack b a b a
w infinitely along theb axis, in an a/b motif. A number of reports in 4 )& 1N}
literature detail the crystallographic charactditsaof transition Lo Y/ j
metal-/pyridinium ion-pair? with only five reports e
corresponding to the preparation of tetrachloroglmte specie?.

Table 3 Selected bond lengths (A) and angiddr complexie-A \ ) .‘\N "‘\‘N{
\ \ \ ! N
Bond Lengths (A) Bond Angles {) N | J “.><- \
Ni1-Cl1 2.275(6) Cl1-Ni1-CI2 116.44(2) )\F ~~~~~ )&ﬁ\,
Ni1-ClI2 2.258(7) CI1-Ni1-Cl1 100.12(2)
Cl1"H1 2.321 R
CI2"H7A 3.620 A
a ‘I ". \
s iy VAN \ >
~. T~ )* A ). § 4

In all cases, the synthetic procedure for the tgmiaof the ion- A . . .

. R . . Fig. 3 Crystal packing for 1e-A along the b-axis, showing the rhombus-
pairs requires the presence of hydrochloric acigrtonate the shaped packing around the Ni-centre, with interleaving layers annotated
pyridine ligand and generate the tetrachloronidkekmnion. We asaandb.

20 thus propose that the formation of speciesA is mediated by
hydrochloric acid, known to be present in dichloethane in
trace quantities.

When conducting our reactions in chlorobenzeneohgest, no
o 45 ethylene oligomerisation or polymerisation was obsé (Table
Reactivity of complexes 1a-1e toward ethylene 5, Entry 2). We found that activation of complexwith MAO at

We evaluated the reactivity of complexis-1e in the presence Al:Ni ratios of = 1000:1 in toluene generated a catalyst system

2 of alkylaluminium reagents as co-catalysts, in lethy oligo-  capable of oligomerising ethylene with activities @23
Ipolymerisation. Our initial catalysis optimisationins were  KGoigomersmohi.h™ and turn-over frequencies of 4 x °16™
conducted with complega as pre-catalyst (Table 5). We founc (Table 5, Entry 3). The formation of long-chaingaimers or
that pre-catalyst/co-catalyst interactions had #&ece on the  Polymer was not observed. The catalyst system alspl high
generation of an active catalyst system. Initidhlyst screening ~ Selectivity toward the formation of 1- and 2-buter@8 %), with

20 with complex1a/MAO at Al:Ni ratio of 500:1 did not generate an UP t0 47 % 1-butene formed. The formation of sraatounts of
active catalyst system (Table 5, Entry 1), as ewigd by the internal G-isomers and gisomers was also observed. However,
absence of both oligomers and polymers in the i@achixture. 5 l€ss than 1 % of the higher olefin fraction cormrsgs to 1-
Previous reports of Ni(ll)-catalysed ethylene ofigmisation hexene and 1-octene. Contrary to what has beenrteepo
demonstrated an increase in catalytic activity wieemploying  Previously for Ni(ll) phosphinito-imine complex&$ activation

4 | Journal Name, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]
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of complex 1a with MMAO with Al:Ni ratios of 500:1 and
1000:1 did not generate an active catalyst systahlé 5, Entry
3 and 4).

Activation of complexla with DEAC at an Al:Ni ratio 125:1
generated highly active species, capable of oligising

ethylene with high activities and at low co-catalgading (Table
5, Entry 5). Increasing the amount of DEAC to arNAkatio of

250:1 resulted in the formation of an active spedapable of
dimerising ethylene to butenes with an activity 6B9

KOsligomersMOl . and a turn-over frequency of 21 x 19"

(Table 5, Entry 6). A selectivity of 99 % to butsneas observed,
with the selectivity toward 1-butene found to be 26 No

significant differences were observed in the seligttowards

butenes and specifically 1-butene, when employintivating

complex 4a with either MAO or DEAC as co-catalysheT
significant difference in catalytic activity as anttion of the co-
catalyst employed may be as a result of the diffe&ctive

species which is formed during activation employMéO or

DEAC. Brookhart and co-workers demonstrated experiatign
that ethylene insertion to produce oligomers andyrpers

proceed from the catalyst resting state, the Npethethylene
species? Assuming that an analogous Ni-ethytethylene
species is the catalyst resting state for our ysttaystem,
alkylation and alkyl-abstraction by DEAC, in the geace of
ethylene would generate the catalyst resting statectly. In

contrast, alkylation and alkyl-abstraction by MA@der identical
conditions would generate the Ni-methgtethylene species,
which would need to undergo a number of chain pyapan and
termination steps to generate the catalyst redfatg. It is this
reason which we believe account for the increasalydic

activity for ethylene oligomerisation observed whamploying

DEAC as co-catalyst. Next, we evaluated complesesle

comparatively in ethylene oligomerisation, emplaylDEAC as

co-catalyst, with an Al:Ni ratio of 250:1. Underetlevaluated

oligomerisatior?> Activation with ethyl aluminium dichloride
(EADC) generated catalysts with activities of up7®x 16 h’
and selectivities for 1-butene of up to 22 %. Inntcast,
activation with MAO produced catalysts with sigoéntly higher

s0 activities of up to 230 x £, while the selectivity for 1-butene
was observed to decrease to 16 %. Recently, Piatscan
workers demonstrated the ethylene oligomerisatieimaiiour of
Ni(ll) phosphine-borate complexes in the absenceaoto-
catalyst. These catalysts displayed TON's of u2@60 in one

es hour. Selectivities for 1-butene was reported ugado with the
remainder of the olefin products correspondingerdmes.
When considering the activation of  complexes
la-1dwith DEAC as co-catalyst, no clear correlation estwthe
observed reactivity and the bridgehéddlkyl substituents could

70 be established. Thus the effect of talkyl substituents on the
observed catalytic activity is negligible. On thentrary,
comparing the activity ofla and 1e the introduction of steric
bulk in theortho positions of the pyridylamine ligand result in a
decrease in activity, from 589 Kgmersmolith?! to

75 499 kg,”gomersmolm'l.h'l. The observed decrease is as a result o
increased barriers to associative exchange @rdydrogen
transfer with increased steric bulk, leading to dovwobserved
catalytic activity, as well as a less electrophitietal centre
which decreases the rate of ethylene inseffiorf® When

s0 considering the selectivity toward 1-butene for pteresla-1d,
no clear trend emerges (Table 5, Entry 7-10). Tagain
highlights the negligible effect the bridgeheal-alkyl
substituents has on the observed selectivity. Inegd, for
complexesla-1d the major isomer formed during catalysis is the

ss thermodynamically favouredtrans 2-butene, in the range
38-46 % (Table 5, Entry 7-10, Fig. $6The percentages of 1-
butene andis 2-butene formed was found to vary as well, in th-
range 22-36 % and 26-30 % respectively. The varg#igctivity
for 1- and 2-butenes may be attributed to secondaryerisation

reaction conditions, complexés-lewere highly active catalysts s reactions which are difficult to control. These ggeses have

for the oligomerisation of ethylene, forming butsngs major
products (Table 5, Entry 7-11). The observed dgtiviaried

between 499-662 kgomersmolyi ., while the observed turn-

over frequencies varied between 18-24 x 103 ih the range
observed for previously reported Ni(ll) phenyl-atheyrazole
complexe$!

The observed activity of complexéa-leis slightly lower than
that reported previously for Ni(ll) complexes inhgene
oligomerisation, while the selectivity for 1-butedesplayed by

been identified employing low temperature spectpic
technique$? and has been observed previously in Ni(ll)-
catalysed ethylene oligomerisatih. In  contrast, when
employing complexie as catalyst, the observed selectivity for 1-
s butene is 98 % (Table 5, Entry 11, Fig."S7This marked
increase in 1-butene selectivity is attributedn® presence of the
0-Me substituents which retards the isomerisatiof-bfitene, by
increasing steric pressure within the nickel comatibn sphere.
This is as a result of the re-inserted olefin bednignted within

leis higher than most reported in literature. Campamd co- :0the plane of the metal centre prior to eliminatiomhich

workers reported the application of Ni(ll) phosptorimine
complexes as catalysts in ethylene oligomerisadfiomvhen
activated with MMAO as co-catalyst, activities g to 20.1 x
10° h' and selectivities of up to 100 % for the formatiohl-

destabilises the active species and decreases rthEensity
toward isomerisation. In addition, it has been&hed by both
experiment and theory, that the olefin isomerigatoarriers is
much higher for sterically bulky Ni-alkyl olefin spies, in

butene was observed. Employing DEAC as co-catglgserated 1s comparison to their less sterically bulky analoguies“® It is

even more active catalysts, consistent with oueniagion, with
activities of up to 1685.3 x 10 h' while the maximum
selectivity for 1-butene was found to be 50 %. Brteim,
Giambastiani and co-workers reported the catabpiglication of
Ni(ll)  phosphinito-oxazoline  complexes in

these factors, a combination of steric and eleatreffiects, which
we believe account for the observed difference inethe
selectivity for complexesaandle

ethylene

This journal is © The Royal Society of Chemistry [year]
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Table 5 Optimisation of co-catalyst and Al:Ni ratios emyitog complexla, comparative evaluation of complexis-1eand evaluation of reaction
parameters on activify.

Entry complexco-catalyst AlNi  Activity (Kg oigomersmOhi .0  TOF (x1GhY) % C, % G % G 1-Cy: trans 2-C;: Cis 2-Cy

1 la MAO 500:1 - - - - - -

2 la MAO 500:1 -

3 la MAO  1000:1 123 4 98 2 0 47:42:21

4 la MMAO  500:1 - - - - -

5 la MMAO  1000:1 - - - - -

6 la DEAC 125:1 421 10 97 25 0.5 33:39:28
7 la DEAC 250:1 589 21 99 1 0 26:46:28

8 1b DEAC 250:1 662 24 > 99 0 0 36:38:26
9 1c DEAC 250:1 527 19 > 99 0 0 22:48:30
10 1d DEAC 250:1 600 21 > 99 0 0 34:40:26
11 le DEAC 250:1 499 18 > 99 0 0 98:1.2:0.8
1% la DEAC 250:1 864 31 > 99 1 0 27:44:29
13 la DEAC 250:1 249 9 98 2 0 20:50:30

@ n(pre-catalyst): 10 pmol. Solvent (V): PhMe, 50. rilthylene P: 5 bar. Reaction T: 3. Reaction time: 30 min. TOF: n(ethylene
consumed)/n(nickel).h.. MAO: methylaluminoxane. ME@Amodified methylaluminoxane. DEAC: diethyl aluritim chloride.® chlorobenzene as

5 solvent.® Ethylene P: 10 baf.Reaction time: 90 mirf.In all cases, the percentage of 1-hexene andeheatithin the @ and G-fraction is less than
1 %.

Finally, we evaluated the effect of varying reactgaramaters on  Characterisation by various spectroscopic and doalyt
activity employing complexla and DEAC as co-catalyst. It sstechniques identified the complexes as paramagnhit{tl)
should be noted that we did not evaluate the effet@mperature  complexes. During ESI-MS analysis of the complekgsresting
1o due to the highly exothermic nature of the oligos®tion solvent-dependent fragmentation and aggregatioocegees were
reaction. We found that increasing ethylene presétam 5 bar  identified. In the case of compleke a unique acid-mediated
to 10 bar, resulted in a significant increase italgdc activity, hydrolysis process was identified, the product dfich was
which was found to be 864 Jﬁggomersmolm'l.h'l, corresponding to 4 characterised crystallographically. Following aation with
a TOF of 31 x 1b h! (Table 5, Entry 12). This increase is alkylaluminium reagents, complexeka-le generated species
s attributable to an increased equilibrium conceidrat of capable of oligomerising ethylene with high activitup to
monomer present in solution at higher ethylenesues and has 864 kg,"gomersmolm'l.h'l and high selectivity toward 1-butene,
been observed previously for Ni(ll) catalyst sysecapable of 98 % in the case dfe Consistent with previous literature reports
oligomerising and polymerising ethyleW&. 1® 25Increasing the s on Ni(ll)-catalysed ethylene oligomerisation, ancregmse in
reaction time, from 30 minutes to 90 minutes rexllin a ethylene pressure was found to increase the oltberamlytic
20 dramatic decrease in catalytic activity, from 5&8i6mers MOl activity, while an increase in reaction time resdlin a decrease
Lh' to 249 Kgigomersmoly™.h" (Table 5, Entry 13). This in the observed catalytic activity.
decrease is consistent with decomposition of thrly&ally
active species and is generally observed for nickahd Experimental Section
palladium-catalysed olefin oligo- or polymerisatio@actions?
25 Our results have demonstrated the significant imfgeat tuning
the coordination sphere of the catalyst can havéherobserved  All transformations were performed using standarchl&k
product selectivity. In this example, the introdoot of methyl techniques under a nitrogen atmosphere. Solvents dréed by
groups in theortho position of the dipyridylamine ligands refluxing over the appropriate drying agents fokalv by
increases olefin isomerisation barriers, therelgdileg to the  distillation prior to use and all other reagentsavemployed as

so General considerations

30 preferential formation of 1-butene. ss obtained. ESI-MS (positive ion mode) analyses werdormed
on Waters API Quattro Micro and Waters APl Q-TORida
Conclusions instruments by direct injection of sample.

FT-IR analysis was performed on a Thermo Nicolet AWR

A series of chloro-bridged dinuclear Ni(ll) compésx 1a-1¢ 330 instrument, and was recorded as neat speclrR)(Anless

ligated by N-alkyl dipyridylaldimine ligands were prepared.
This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 6
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otherwise specified. Melting point determinations ergv
performed on a Stuart Scientific SMP3 melting papparatus
and are reported as uncorrected. Magnetic susdéptib
measurements were recorded on a Sherwood ScieMiit
magnetic susceptibility balance. Samples were veslgland
sealed in a glovebox prior to analysis. Measurememére
conducted in duplicate. MAO (1.0 M in toluene, Say#ldrich),
MMAO (7 wt % in heptanes, Azko-Nobel) and DEAC (M8in
toluene, Sigma-Aldrich) was purchased from comnatsmurces

3

modified literature procedure, where the NIZH,O in the
literature procedure was replaced with Ni6H,0 .2 Satisfactory
micro-analysis could not be obtained for all theegared
complexes and in some casds,(1b, 1c and 1§ithe data was
fitted to species which showed trace solvent inolus

Synthesis ofN-alkyl-2,2'-dipyridylamine ligands, la-1e.
Synthesis of 2,2dipyridyl- N-methylamine (a)

To a stirred slurry of KOH (786 mg, 14.018 mmol)DMSO (10
ml) was added solid 2;2lipyridylamine (600 mg, 3.504 mmol).
The reaction mixture was stirred for 45 min aftehnich neat
iodomethane (497 mg, 3.504 mmol) was added neatrdéction
mixture was stirred at room temperature for 20 liteAthe
allotted time the reaction mixture was quenchedwitater (50
ml) and the aqueous layer extracted with EtOAc (200 ml
portions). The organic layer was separated, drieetr 1gSQ
and the solvent removed in vacuo. The orange-browde oil
was purified by flash chromatography employing EtOBexane
(9:1) as eluent. The pure product was obtained wsllaw oil.
Yield: 582 mg, 89 %. FT-IR (ATR, neat): 1580 and 1557 cth
(C=N).*H NMR (CDCk, 300 MHz):d 8.33-8.36 (dd, 2HJ,.4
7.92 Hz, H); 8 7.51-7.57 (m, 2H, B; & 7.15-7.19 (dt, 2H3J,,.
8.51 Hz, H); 56.84-6.88 (m, 2H, B); 53.63 (s, 3H, ).

Synthesis of 2,2dipyridyl- N-benzylamine (b)

The same synthetic procedure as outlined abovkgimd a was

3s employed for the synthesis bf using benzyl chloride as reagent.

The product was isolated as a bright-yellow solittera
recrystallisation from hexane. Yield: 755 mg, 82F%-IR (ATR,
neat, v): 1581 and 1561 ct(C=N). *H NMR (CDCk, 300
MHz): & 8.31-8.33 (dd, 2H%J,.,4 7.63 Hz, H); & 7.48-7.54 (m,

w0 2H, H); 8 7.33-7.36 (br.d, 2H3J,. 7.34 Hz, H); & 7.25-7.28
(m, 2H, H'19; 5 7.15-7.20 (m, 3H, B£9); 5 6.82-6.87 (dt, 2H,
334n 7.19 Hz, H); 85.51 (s, 2H, 9.

Synthesis of 2,2dipyridyl- N-methylcyclohexylamine (c)

The same synthetic procedure as outlined abovkgimd a was
4s employed for the synthesis of c, using
(bromomethyl)cyclohexane as reagent. The produstis@lated
as an orange oil after purification by flash chréogaaphy
(EtOAc: Hexane 1:4). Yield: 823 mg, 88 %. FT-IR (ATReat,
v): 1580 and 1558 cth(C=N). 'H NMR (CDCk, 300 MHz):3
50 8.32-8.34 (dd, 2H3J.y 7.78 Hz, H); 5 7.48-7.54 (m, 2H, B; 5
7.06-7.10 (dt, 2H33, 8.51 Hz, H); 5 6.82-6.86 (dt, 2H3J,
7.19 Hz, H); 5 4.06 (d, 2H234. 7.34 Hz, H); 5 1.79-1.87 (m,
1H, H); 8 1.59-1.74 (m, 5H, B*19; 5 1.13-1.22 (m, 3H, B%);
5 0.92-1.03 (m, 2H, B). *c{*H} (CDCl;, 75.38 MHz,): 3

ss 158.05 (C); 8 148.17 (&); 136.95 (6); 5 116.73 (&); 5 114.86
(C*; 554.18 (6); 5 37.24 (C); 5 30.98 (& ?); 5 26.54 (CY:; 5
26.00 (C.%). ESI-MS:m/z 268.2 [M+H]". % Found (% calc.) for
Cy7H,1N3: C: 76.01 (76.37); H: 7.80 (7.92); N: 15.38 (15.72)

Synthesis of 2,2dipyridyl- N-neopentylamine (d)

s0 The same synthetic procedure as outlined abovedigawas
employed for the synthesis af, using neopentyl iodide as
reagent. The product was isolated as a colourléssafter

and used as received. NJME) was prepared according to a purification by flash chromatography (EtOAc: Hexaded).

Yield: 823 mg, 88 %. FT-IR (ATR, neat): 1581 and 1559 cth

s 'TH NMR (CDCl, 300 MHz):5 8.31-8.34 (dd, 2HJ,.; 7.78 Hz,
HY; 5 7.47-7.53 (m, 2H, B; & 7.03-7.06 (dt, 2H3J,,.; 8.36 Hz,
H%:; 5 6.82-6.87 (dt, 2H3Jy.4 7.19 Hz, H); 54.20 (s, 2H, §): 5
0.88 (s, 9H, H).

Synthesis of (6,6dimethyl-2,2'-dipyridyl)- N-methylamine (e)

70 TO a stirred solution of 2-bromo-6-methylpyridind99 mg, 2.9
mmol) and 2-amino-6-methylpyridine (345 mg, 3.19 @lrmin
anhydrous PhMe (45 ml) was added,(@day (133 mg, 0.145
mmol), rac-BINAP (68 mg, 0.110 mmol) and KOtBu (531 mg,
4.73 mmol) in rapid succession. The reaction mixtwas heated

7sfor 15 h while stirring at 90C. After the allotted time the
reaction mixture was quenched with EtOH (15 mljtefed
through celite and the solvent removid vacuo. The crude
product amine was isolated as a brown oil and wéficiently
pure (determined byH NMR spectroscopy) and employed

so directly in the methylation step. The same synthptbcedure as
outlined aboved) was employed for the synthesisenfising 6-
methyl-N-(6-methylpyridin-2-yl)pyridin-2-amine  as tasting
amine and iodomethane as reagent. The productsekddd as a
yellow oil after purification by flash chromatogtap employing

ss pentane as eluent. Yield: 289 mg, 46 % overal.IRTATR,

neat,v): 1591 and 1568 cth *H NMR (CDChk, 300 MHz): &

7.40 (t, 2H,2J4. 7.48 Hz, H); 5 6.95 (d, 2H33,.4 8.36 Hz, H);

5 6.70 (d, 2H23.y 7.19 Hz, H); 5 3.63 (s, 3H, B); 5 2.48 (s,

6H, H'). ®*C{*H} NMR (CDCl; 75.38 MHz):5 157.45 (C); &

157.00 (&); 5 137.13 (6); 5 115.83 (&); 5 111.10 (¢); 5 35.84

(C%; & 24.43 (C). ESI-MS: miz 214 [M + HJ'. % Found (%

calc.) for GoHysN3: C: 73.13 (73.21); H: 6.84 (7.09); N: 19.58

(19.70).

Synthesis of pu-Cl
9s complexes, la-le

Synthesis of [Ni(u-Cl){2,2-dipyridyl- N-methylamine}Cl],, 1a
To a stirred slurry of NiG(DME) (237 mg, 1.079 mmol) in

DCM (20 ml) was added a solution of 2dpyridyl-N-
methylamine (200 mg, 1.079 mmol) in DCM (5 ml). Tieaction

920

Ni(ll) N-alkyl dipyridylaldiminato

100 Mixture was stirred for 23 h at room temperaturdéteiAthe

allotted time the solvent was removad vacuo and the blue-
green solid residue obtained dissolved in MeCN aadngla-
filtered into another dry Schlenk tube. The blueggr filtrate was
reduced in volume and layered with,@tto form a blue-green

105 solid which was filtered, washed with ether ancediin vacuo.

Yield: 282 mg, 83 %. FT-IR (ATR, neat): 1598, 1577 cm
(C=N). ESI-MSm/z 342 [M + Na + MeOH]". per: 4.15 k.
% Found (Calc) for [&H2,Cl4NgNio-0.5 CHCI: C: 40.23

This journal is © The Royal Society of Chemistry [year]
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(40.21); H: 3.41 (3.45); N: 12.42 (12.50). refinement were performed using SAINTand SADABS®
. . _— . which forms part of the APEX Il software packageheT

Synthesis of [Ni(-Ch{2,2-dipyridyl- N-benzylamine}Cll,, 10 ss structures were solved by direct methods and refibg full-

Complex1b prepared according to the same synthetic procedurenatrix least-squares dff using SHELX-97° within the X-Seed

as outlined for compleda, with 2,2-dipyridyl-N-benzylamine  graphic user interfac®. All non-hydrogen atoms were refined
s employed as ligand. Yield: 272 mg, 90 %. FT-IR (ATRat,v): anisotropically and all hydrogen atoms were plaagsing

1597, 1578 cm (C=N). ESI-MSm/z 418 [M + Na + MeOH". calculated positions and riding models.

Het: 3.89 k. % Found (Calc) for [€H3oCl4NgNiy-0.2 CHCI,):

C: 51.82 (51.85); H: 4.33 (4.39); N: 10.75 (10.78).

Synthesis  of [Ni(u-Cl){2,2-dipyridyl- N-methylcyclohexyl-
10 amine}Cl],, 1¢

e0o Procedure for preparative-scale ethylene oligomeréation

In a glovebox under a nitrogen atmosphere, a 25@ant high-
pressure autoclave was charged with the requireduamof
solvent and co-catalyst, and was sealed prior itoghattached to
Complex1c prepared according to the same synthetic procedurgne ethylene feed. The reactor was brought to tesipe at
as outlined for complex 1la  with 2,2-dipyridyl-N- . \which point a dispersion of the pre-catalyst inuésle (total
methylcyclohexylamine employed as ligand. Yield:12/g,  yolume: 50 ml) was added via syringe under posititieylene
81 %. FT-IR (ATR, neaty): 1600, 1577 cm (C=N). ESI-MS  pressure. The ethylene feed was maintained at egeired
15 Mz 424 [M + Na + MeOH]". peri: 4.01 k. % Found (Calc) for  pressure throughout the catalytic run, with theimee of ethylene
[C34H42ClsNgNi: 0.6 CHCI]: C: 48.45 (48.95); H: 4.83 (5.14); consumed monitored throughout the catalytic runtefthe

N: 10.11 (9.88). 70 allotted time, the reactor was cooled to -°T8and the reaction
Synthesis of [Ni(u-Cl){2,2-dipyridyl- N-neopentylamine}Clp, ~ Mixture quenched with MeOH (5 ml). A liquid sampleas
1d filtered through a syringe filter and analyzed byC-6ID

) . employing p-xylene as internal standard, taking ¢armaintain
20 Complex1d prepared according to the same synthetic procedur?he temperature below - ZT to minimize the loss of volatile
as outlined for complex 1a with 2,2-dipyridyl-N-

neopentylamine employed as ligand. Yield: 258 g% FT-IR

(ATR, neat, v): 1600, 1581 crm (C=N). ESI-MS m/z 398

[M + Na + MeOHF". per 4.32 W. % Found (Calc) for
25 [Ca4H4CliNgNi,- 0.3 CHCL]: C: 45.71 (45.86); H: 4.71 (4.71);

N: 11.24 (11.32).

Synthesis of [Ni(u-Cl){6,6-dimethyl-2,2'-dipyridyl- N-

methylamine}Cl],, 1e

7s reaction products. The observed oligomers were tifiegh
against calibrated standards. Quenching the reaatigture did
not precipitate any polymers and no long-chainastigrs were
observed after work-up.

Notes

8o 2 Yellenbosch University, Department of Chemistry and Polymer Science,
Private Bag X1, Matieland, 7602, Stellenbosch, South Africa. E-mail:

Complex1le prepared according to the same synthetic procedur%mﬁjfsﬁwnﬁa%@ . Desartment of Chemia i o
. . i _ _di . N * €ENDOSCI niversity, epartment O emistry an olymer
%0 as outllneq for completa, W!th 6.6 d|.methyl 2,2-dipyridyl-N Science, Private Bag X1, Matieland, 7602, Sellenbosch, South Africa.
methylamine employed as ligand. Yield: 196 mg, 53FA-IR . Fav 127 (0)21808 3849; Tel: +27 (0)21808 2722, E-mail:
(ATR, neat,v): 1600, 15651 cfh (C=N). ESI-MS m/z 370 smapolie@sun.ac.za.
[M + Na + MeOHP'. per 4.47 1. % Found (Calc) for T Electronic Supplementary Information (ESI) avaliéa Contains

CoeH3oClaNigNi,: C: 45.49 (45.54); H: 3.98 (4.41); N: 12.06 additional experimental data, Figl-S7 includes ESI-MS spectra, the
% (12.06) ' ' solid state and solution appearance of complexH NMR and FT-IR

90 spectra ofLle and the additional species formed in solution e as GC-
FID spectra showing the formation of 1- and 2-bageduring catalysis.
CCDC numbers 981834 and 981835 contain the supplanye

. Sy , . crystallographic data for complexga andle-A These are available free
Isolation of [6-methylpyridinium-6'-methyl-N-methylpyridin- of charge from the Cambridge Crystallographic Dalantre. See

. < 2
2-aminel Ni(Cl) ] o5 DOI: 10.1039/b000000X/
40 A solution of complexie (30 mg, 0.043 mmol) was dissolved in
dichloromethane (0.5 ml). The pink-red solution uered with ~ References
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