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ABSTRACT: A series of bidentate ligands associating an 
iminophosphorane and a phenoxide was synthesized and coordi-
nated to nickel(II) leading initially to bimetallic KNi adducts. 
Replacement of the potassium by another metal allowed the isola-
tion and characterization of bimetallic LiNi, and AlNi complexes, 
while addition of one equivalent of triphenylphosphine gave 
access to monometallic complexes. The same type of complex 
was obtained with the coordination of a tridentate ligand incorpo-
rating a supplementary amine donor. These paramagnetic com-
plexes were characterized by elemental analysis and some of them 
by X-ray diffraction, evidencing a tetrahedral nickel center. They 
were shown to efficiently catalyze the oligomerization of ethylene 
in presence of Et2AlCl (Al/Ni= 22.5) with TOF up to 72 000 
mol(C2H4) /mol(Ni) /h, giving selectively butene (more than 97%) 
with at best 93% of 1-C4. 

Introduction 

Linear alpha olefins (LAOs) are important feedstocks for the 
chemical industry, that have found applications in various do-
mains such as the preparation of lubricants, plasticizers, deter-
gents and the synthesis of low-density polyethylene.1 Their pro-
duction is mainly achieved by the oligomerization of ethylene, for 
which different processes have been developed in the industry. 
Among them, the Philips trimerization process based on chromi-
um,2 the Alphabutol process from IFP involving titanium,3 and the 
Shell Higher Olefin Process (SHOP) employing a phosphinoyl-
enolato nickel complex4 are particulary remarkable. This latter 
catalytic system developed by Keim and coworkers has triggered 
further interest in nickel based catalytic systems, various ligands, 
either bidentate or tridentate,5 combining different heteroatoms 
were employed.6 A large diversity of bidentate ligand systems, 
which combine (N,N),7 (P,N),8 (P,P),9 (P,O),10 and (N,O)11 donor 
groups, was described. Even if catalytic systems based on 
iminophosphorane (P=N) ligands are underdeveloped compared 
to their imine counterparts,12 they have also been used to prepare 
nickel based ethylene oligomerization catalysts.13 Thus, in 2001, 
Réau and coworkers described the performances of nickel com-
plexes featuring bis(iminophosphorane) ligand, which gave mod-
erate productivity and selectivity in C4.

13a Later, Stephan and 
coworkers have shown that bidentate pyridine- or imidazole-
iminophosphorane nickel complexes catalyze the dimerization of 
ethylene forming mainly 2-C4 olefins.13b More recently, we have 
demonstrated that mixed phosphine-iminophosphorane ligands led 
to efficient and selective nickel-based dimerization catalysts.13c 

As we recently developed tetradentate ligands associating 
iminophosphorane and phenoxide,14 we decided to prepare a 
bidentate version to evaluate phenoxide-iminophosphorane nickel 
complexes in ethylene oligomerization. Indeed, (N,O) based 
nickel catalysts (Figure 1) are well-known and generally favor 
ethylene polymerization.11a, 11b, 11e Nevertheless, benzoquinone-
monoimine nickel complexes (I), developed by the Braunstein’s 
group,11c achieved good selectivity in C4 (up to 90%), but with a 
limited amount of α-olefins. Better selectivity was obtained with 
oxazolyl-methanol nickel complexes (II) developed by the same 
group.11d In the same manner nickel catalysts based on phenyl-
ether-pyrazol ligands (III) exhibited moderate to high activities 
with good selectivities in 1-C4 (60-80 %).11f 

Figure 1. Examples of (N,O) nickel dimerization catalysts 

In order to investigate if iminophosphoranes could be beneficial in 
such catalytic systems, we described in this paper the synthesis of 
bidentate phenoxide-iminophosphorane ligands, their coordination 
to NiII and their catalytic ability in ethylene oligomerization. 

 

Results and discussion 

Some years ago, Zhang and coworkers15 synthesized such 
bidentate phenoxide-iminophosphorane ligands to prepare titani-
um and zirconium complexes. As they employed a synthesis 
based on the Staudinger reaction requiring an azide, only phenyl 
and trimethylsilyl derivatives were reported. In order to allow a 
facile variation of the nitrogen substituent, we preferred to rely on 
the Kirsanov reaction.16 This led us to prepare o-
diphenylphosphinophenol protected as a methoxymethyl ether, 
following the procedure of Bianchi and coworkers.17 



 

Aminophosphonium salts 1a-c (Scheme 1) were then easily 
formed by bromination at low temperature followed by addition 
of a primary amine in presence of DABCO (diazabicyclooctane). 
The reaction was monitored by 31P{1H} spectroscopy; after com-
pletion, the reaction mixture was saturated with gaseous HCl to 
remove the methoxymethyl ether group. After workup, 
aminophosphonium salts 2a-c were obtained in good yields (57 to 
92% for the 2 steps). Interestingly they can be stored for days on 
the bench. 

Scheme 1. Synthesis of aminophosphonium 2a-c 

The iminophosphorane-phenoxide ligands were generated in situ 
before coordination (Scheme 2). The deprotonation was carried 
out with 2 equivalents of potassium hexamethyldisilazane 
(KHMDS) in THF, which allowed an easy removal of the insolu-
ble KCl salts by centrifugation. The reaction is accompanied by a 
shielding of the phosphorus nucleus in 31P{1H} NMR spectrosco-
py giving singlet at 12.0, 14.6, and 8.4 ppm for ligands a-c respec-
tively. 
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Scheme 2. Coordination to nickel. 

The ligands were not isolated and coordination to nickel(II) was 
realized in the same pot by adding one equivalent of 
[NiBr2(DME)]. This induced a rapid color change to purple for 
3a,b and blue-green for 3c. The completeness of the reaction was 
ascertained by 31P{1H} NMR monitoring of the crude mixture 
showing the disappearance of the singlet corresponding to the 
ligand, no other signal was seen, which suggests the formation of 
paramagnetic complexes. Insoluble potassium salts were removed 
by centrifugation, followed by evaporation of THF, and washing 
of the obtained solid with petroleum ether to eliminate the amine 
side-product (HMDS) generated during the deprotonation step. 
All attempts to grow crystals of 3 failed whatever the solvent 
systems and temperatures employed, this precludes the determina-
tion of the precise structure of these adducts. However, elemental 
analysis seems to indicate the presence of one molecule of KBr 
for two [(Ni,O)NiBr] moieties. Measurement of the magnetic 
moment of 3c (as a representative example of this series of com-
plexes) in solution18 gave a value of 3.3(1) µB close to those re-
ported in the literature for other nickel iminophosphorane com-
plexes.13b 

Reasoning that substitution of potassium may avoid the formation 
of oligomers, and allow the characterization of the obtained nickel 
complexes, one equivalent of lithium bromide was added at the 
end of the coordination step. This led to complexes 4a-c (Scheme 
3), which precipitated out of the reaction mixture after concentra-
tion. These complexes were characterized by elemental analyses 
and X-ray diffraction. The magnetic moment of 4a was measured 
in solution at 3.2(1) µB. Single crystals of 4a-c were obtained by 
slow diffusion of petroleum ether at -40°C into THF solution of 
the complexes. The crystals were highly sensitive to temperature 
raising. The structures of 4a and 4b are displayed in Figures 2 and 
3. For 4c, the crystal structure was of low quality allowing only to 
confirm the connectivity, which is similar to that of 4a. Detailed 
crystal data are given in Table S1 (see ESI). 
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Scheme 3. Synthesis of complexes 4a-c and 5a-c 

Figure 2. Ortep view of complex 4a. Hydrogen atoms and a non-coordinated THF 
molecules have been omitted for clarity. Thermal ellipsoids are drawn at the 50% 
probability level. Selected distances (Å) and angles (°): Ni1-N1 1.977(2), Ni1-O1 
1.954(2), Ni1-Br1 2.4526(5), Ni1-Br2 2.3799(5), Li1-O1 1.893(5), Li1-O2 1.915(6), Li1-
O3 1.915(6), N1-P1 1.602(2), O1-C1 1.332(3); O1-Ni1-N1 98.30(8), N1-Ni1-Br2 
116.17(7), Br2-Ni1-Br1 104.99(2), Br1-Ni1-O1 91.47(6), Li1-O1-Ni1 102.2(2), Li1-Br1-
Ni1 73.8(1), Br1-Li1-O1 90.4(2), O1-Li1-O3 117.3(3), O3-Li1-O2 104.4(3), O2-Li1-Br1 
16.5(2). 

4a is a LiNi adduct, where both lithium and nickel exhibit a tetra-
hedral geometry. These atoms are bridged by a bromide and the 
oxygen. The four atoms form a nearly planar four-membered ring 
(O1-Ni1-Li1-Br1: 9.52°). As expected the Ni1-Br1 (2.453(1) Å) 
bond is longer than the Ni1-Br2 one (2.380(1) Å) in agreement 
with the bridging position of Br1. Other bonds and angles do not 
deserve special comments, for example the Br1-Li1 is comparable 
to that observed by Stephan et al for a NiLi adduct.19 Noteworthy 
the Ni1-N1 and Ni1-O1 bond lengths (1.977(2) Å and 1.954(2) Å 
respectively) observed in 4a are longer than those observed in the 
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nickel phosphasalen complex featuring a tetradentate phenoxide-
iminophosphorane ligand (1.905(4) and 1.881(3) Å for the longest 
Ni-N and Ni-O respectively).14d 

The lithium cation is solvated by two THF molecules, another 
non-coordinated solvent molecule is present in the cell and may 
explain the sensitivity of the crystals. The elemental analysis of 
4a-c are in agreement with this composition i.e. a bimetallic Ni 
complex solvated by two THF molecules.  

However, X-ray analysis on single crystals of 4b grown from 
THF evidenced a different structure: a dinuclear complex 
with no bromide in bridging position, and the lithium is, in 
this case, solvated by three THF molecules. Therefore, both 
Ni-Br bond lengths are similar (2.381(2) and 2.402(1) Å), 
moreover the Li1-O1 bond is longer in 4b than in 4a 
(1.945(7) and 1.893(5) Å respectively), the same observation 
is made for Ni1-O1 (1.975(2) Å vs 1.954(2) Å). Others pa-
rameters are similar to those observed for 4a. Upon high 
vacuum drying, one THF molecule is probably released to 
form a four membered ring as observed for 4a, explaining 
the composition obtained from elemental analysis.  
Taking into account the ability of the oxygen atom of the 
phenoxide to coordinate electron deficient metal centers, and 
the role of AlNi adducts in oligomerization process,20 we 
synthesized AlNi complexes (Scheme 3). The synthesis is 
similar to that of 4a-c, AlBr3 is added after the coordination 
step. 
Complexes 5a-c were isolated as blue solids which precipi-
tated from the reaction mixture. These complexes were char-
acterized by elemental analysis, since we were not able de-
spite several attempts to grow single crystals. Complex 5c 
exhibits a magnetic moment in solution of 3.4(1) µΒ. 

 

Figure 3. Ortep view of complex 4b-THF. Hydrogen atoms and non-coordinated THF 
molecules have been omitted for clarity. Thermal ellipsoids are drawn at the 50% 
probability level. Exchange between Br and Cl anions is observed for the 
coordinated halides, probably due to traces of KCl from the deprotonation step. 
Selected distances (Å) and angles (°): Ni1-N1 1.981(3), Ni1-O1 1.975(2), Ni1-Br1 
2.4020(8), Ni1-Br2 2.381(2), Li1-O1 1.930(7), Li1-O2 2.006(7), Li1-O3 1.945(7), Li1-
O4 1.917(7), N1-P1 1.607(3), O1-C2 1.338(4); O1-Ni1-N1 98.9 (1), N1-Ni1-Br2 
108.69(8), N1-Ni1-Br1 111.73(8), Li1-O1-Ni1 116.7(2). 

In order to study the influence of the nuclearity on the cata-
lytic performances, we also prepared monometallic complex-
es by introducing one equivalent of triphenylphosphine after 
the formation of adducts 3a-c has been ascertained by 
31P{1H} NMR spectroscopy (Scheme 4). Complexes 6a-c 
were isolated as paramagnetic green complexes (the mag-

netic moment of 6b in solution was measured at 2.9(1) µB), 
suggesting a tetrahedral coordination around the nickel. 

 
Scheme 4: Synthesis of complexes 6a-c  

Figure 4. Ortep view of complex 6a. Hydrogen atoms have been omitted for clarity. 
Thermal ellipsoids are drawn at the 50% probability level. Selected distances (Å) and 
angles (°): Ni1-N1 1.971(3), Ni1-O1 1.921(3), Ni1-Br1 2.371(1), Ni1-P2 2.321(1), P1-
N1 1.616(4), O1-C2 1.314(5); O1-Ni1-N1 99.4(1), N1-Ni1-Br1 127.8(1), Br1-Ni1-P2 
102.25(4), Ni1-N1-P1 113.7(2), O1-Ni1-P2 95.6(1). 

This was confirmed by the X-ray analysis of single crystals of 6a 
which were obtained by slow diffusion of petroleum ether onto 
THF solution of the complex at -40°C. An Ortep view of complex 
6a is presented Figure 4. The complex adopts a tetrahedral ge-
ometry, the Ni1-Br1, Ni1-N1, and Ni1-P1 bonds are comparable 
to those observed in 4a, while the Ni1-O1 bond is significantly 
shorter 1.921(3) Å vs 1.954(2) Å in 4a, which is explained by the 
non bridging position of the oxygen in 6a.  

To test a monomeric nickel complex having no phosphine ligand, 
we prepared a tridentate ligand featuring an additional amine 
group.The synthesis of the proligand 2d is similar to that de-
scribed for 2a-c except that the Kirsanov reaction is conducted 
without addition of an extra base. Indeed, the acid formed is 
trapped by the anilino group to give the dicationic derivative 
(Scheme 5) which is directly deprotected using gaseous HCl 
leading to 2d. 

OPG

PPh2

1) Br2

CH2Cl2,
-78°C to r.t.

OH

PPh2

HN

Br

H3N

2d
Br

2)

3) HCl(g),

1)KHMDS
(2 equiv.)

2) [NiBr2(DME)

O

PPh2

N

N
H2

Ni
Br

3d

a

b
c

d

e
f

g

h

H2N NH2

 

Scheme 5: Synthesis of complex 3d 

 



 

Table 1 Ethylene oligomerization with complexes 3-6a 

a Conditions: T = 25 °C, 30 bar C2H4, 1h, 8 µmol Ni complex, solvent: toluene (20 mL).b TOF = mol ethylene consumed per mol of Ni 
h-1, TOF and selectivities are determined by GC chromatography, using heptane as internal reference; Cn, amount of olefin with n carbon 
atoms in the oligomers; α-Cn, amount of terminal alkene in the Cn fraction; as determined by quantitative GLC.c Other isomers of hexene 
are formed 

 

Its deprotonation with three equivalents of KHMDS in THF is 
monitored by 31P{1H} NMR showing the disappearance of the 
singlet at 39 ppm corresponding to the aminophosphonium group 
and the appearance of a singlet at 15 ppm for the tridentate 
iminophosphorane ligand which was not isolated. Coordination 
was realized by adding one equivalent of [NiBr2(DME)] to the 
reaction mixture giving a red solution and showing no signal by 
31P{1H} NMR spectroscopy. After workup, 3d was isolated in 
73% yield as a red solid. Its solution magnetic moment was meas-
ured at 3.1(1) µB in agreement with a paramagnetic complex that 
might be tetrahedral.21 However no single crystal was obtained 
precluding the determination of its crystal structure, we observed 
that THF or dichloromethane solution of this complex fades with-
in days or weeks.  

The nickel complexes 3-622 have been evaluated and compared in 
the catalytic ethylene oligomerization. Results are gathered in 
Table 1. Reactions were performed in toluene at 25°C under 30 
bar of ethylene. 

First experiments were done with 3b and MAO 
(methylaluminoxane) as co-catalyst, nevertheless we found that 
Et2AlCl gave better results, especially higher activity, with a 
much lower Al/Ni ratio (entries 3 and 4). Therefore all other 
experiments were carried out with this co-catalyst. For the sake of 
comparison, the performances of the nickel precursor are also 
indicated (entries 1-2).9b All the complexes are active and selec-
tive for the formation of butene with satisfying to high activities 

(TOF up to 72000 mol(C2H4)/mol(Ni)/h) and good selectivities 
(more than 97% of C4). These performances outstrip those of the 
nickel precursor. No trace of polymer nor oligomers higher than 
C6 was detected. Within the series of synthesized nickel complex-
es, for a given ligand, the best activities are observed with the 
NiK adduct. The presence of a strong coordinating ligand such as 
PPh3 in the coordination sphere of the nickel dramatically reduces 
the productivity.23 

The activity increases when the coordinating ability of the auxilia-
ry ligand decreases, which is probably explained by a better ac-
cessibility of the metal center. Within the series of adducts 3, best 
TOF was observed for 3c which bears a phenyl substituent on the 
nitrogen, which is therefore the less electron rich 
iminophosphorane. For this catalyst, a shorter experiment was 
conducted (entry 7), leading to similar performances suggesting a 
good stability of the active catalyst in the reaction medium. More-
over, using more aluminium co-catalyst did not have substantial 
effect on the catalytic ability (68x103 to 72x103 
mol(C2H4)/mol(Ni)/h). 3d, which features an aromatic substituent 
on the nitrogen atom, and does not contain potassium but an extra 
amine ligand which brings electron density to the metal, has an 
activity similar to alkyl-substituted adducts 3a-b (entry 9). The 
selectivity in α-olefin varies greatly within the series and is relat-
ed to the ability of the catalyst to isomerize 1-C4 olefin.24 Best 
selectivities in 1-C4 were observed for NiLi and NiAl complexes 
(more than 70% and up to 93.5% for 5c), whereas the less selec-

Entry Complex Co-
catalyst 

Al/Ni Reaction 

Time (h) 

TOF x10-3 

mol(C2H4)/mol(Ni)/hb 

%C4 (%1-C4) (%1-C6) 

1 [NiBr2(DME)] MAO 300 0.5 15.0 94.0 (85) 1.7c 

2 [NiBr2(DME)] Et2AlCl 22.5 1 20,7 98.0 (78.2) 2.0 

3 3b MAO 300 1 20.1 98.1 (79.1) 1.9 

4 3b Et2AlCl 22.5 1 36.9 98.4 (73.4) 1.6 

5 3a Et2AlCl 22.5 1 39.6 98.2 (74.3) 1.8 

6 3c Et2AlCl 22.5 1 68.1 98.2 (59.8) 1.8 

7 3c Et2AlCl 22.5 0.5 67.5 97.9 (44.0) 2.1 

8 3c Et2AlCl 45 1 72.1 97.0 (48.1) 3.0 

9 3d Et2AlCl 22.5 1 41.2 97.0 (55.6) 3.0 

10 4a Et2AlCl 22.5 1 23.7 97.6 (73.1) 2.4 

11 4b Et2AlCl 22.5 1 30.3 98.4 (78.1) 1.6 

12 4c Et2AlCl 22.5 1 17.0 98.1 (82.7) 1.9 

13 5a Et2AlCl 22.5 1 18.5 98.7 (85.9) 1.3 

14 5b Et2AlCl 22.5 1 28.9 98.5 (82.4) 1.5 

15 5c Et2AlCl 22.5 1 7.3 98.7 (93.5) 1.3 

16 6a Et2AlCl 22.5 1 13.9 99.6 (41.6) 0.6 

17 6b Et2AlCl 22.5 1 14.5 99.4(48.9) 0.6 

18 6c Et2AlCl 22.5 1 15.8 99.0 (55.6) 1.0 



 

tive catalysts are those incorporating a supplementary coordinat-
ing ligand such as 6 and 3d. From these results it clearly appears 
that the nature of the extra ligand influences the nature of the 
active species since both activities and selectivities are modified. 

Contrary to most (N,O) nickel complexes described in the litera-
ture, which are ethylene polymerization catalysts, these complex-
es selectively dimerize ethylene. Compared to the Braustein’s 
systems presented in Figure 1, higher proportion of 1-C4 was 
formed. Results are roughly similar to those obtained with phenyl 
ether-pyrazolyl nickel complexes, nevertheless the latter were 
only tested over 20 min. In term of selectivity, we observed a 
higher proportion of C4. 

Therefore, the introduction of an iminophosphorane group seems 
to have a beneficial influence on the catalytic behavior. Moreover 
compared to other iminophosphorane dimerization catalysts, this 
series based on a phenoxide-iminophosphorane association are 
more active than the nickel complexes featuring a pyridine or 
oxazoline combined to an iminophosphorane, described by Steph-
an and coworkers,12c, 13b but less efficient than phosphine-
iminophosphorane nickel complexes.13c 

Conclusions 

A series of nickel complexes featuring phenoxide-
iminophosphorane ligands was prepared. The synthetic methodol-
ogy based on the Kirsanov reaction allowed the introduction of 
alkyl, and aryl substituents on the N atom as well as the introduc-
tion of a supplementary amine donor group to give a tridentate 
ligand. Coordination of bidentate ligands afforded bimetallic NiK, 
NiLi, NiAl adducts, whereas monometallic complexes were ob-
tained in presence of an extra L donor. These complexes are 
paramagnetic and were characterized by elemental analysis and in 
some cases by X-ray diffraction experiments, evidencing a tetra-
hedral nickel center. All these precursors (3-6) were shown to 
catalyze the selective dimerization of ethylene using Et2AlCl as 
co-catalyst. Their performances (activity and selectivity) vary 
greatly with the substituent and the auxiliary ligand, best produc-
tivity being observed for the NiK complex 3c (72x103 
mol(C2H4)/mol(Ni)/h) and better selectivity for the series of com-
plex 5. These performances compare favorably with other nickel 
complexes featuring (N,O) ligands, which motivated further 
studies on iminophosphorane catalysts. 

 

Experimental Section 

Synthesis 

All experiments, unless otherwise stated, were performed under 
an atmosphere of dry nitrogen or argon using standard schlenk 
and glove box techniques. Solvents were taken directly from a M-
Braun MB-SPS 800 Solvent Purification Machine. O-
diphenylphosphinophenol,17 [NiBr2(DME)]25 were prepared 
according to the literature. We used methylaluminoxane (10% wt 
in toluene), diethylaluminum chloride (0.9 M in toluene), and  
ethylene (N25 grade). All reagents and chemicals were obtained 
commercially and used without further purification. 

Nuclear magnetic resonance spectra were recorded on a Avance 
300 spectrometer operating at 300 MHz for 1H, 75.5 MHz for 13C 
and 121.5 MHz for 31P. Solvent peaks were used as internal refer-

ences for 1H and 13C chemical shifts (ppm). 31P{1H} are relative 
to a 85% H3PO4 external reference. Coupling constant are ex-
pressed in hertz. The following abbreviations are used: br, broad; 
s, singlet; d, doublet; dd, doublet of doublets; t, triplet; m, multi-
ple; v, virtual. The labeling used is indicated in Scheme 5. Ele-
mental analyses were performed by the Elemental analysis service 
of the London Metropolitan University (United Kingdom). Analy-
sis of the reaction mixture obtained after the catalytic run was 
performed by GC using a PR 2100 gas chromatograph equipped 
with a HP PONA column (50 m × 0.2 mm × 0.5 µm)), first cali-
brated with authentic samples (except in the case of butene for 
which calibration was based upon the response factor of n-
pentane). 

Synthesis of 2a-c. Br2 (200 µL, 3.883 mmol) was added dropwise 
to a solution of the protected phosphinophenol (1304 mg, 3.883 
mmol) in CH2Cl2 (38 mL) at -78°C under nitrogen. The cold bath 
was removed and stirring was continued for 45 minutes at room 
temperature. The obtained suspension was then cooled again to -
78°C and DABCO (218 mg, 1.942 mmol) was added, followed by 
the addition of the primary amine (3.883 mmol, 1 equiv.). Stirring 
was continued overnight at room temperature to give a white 
suspension. Dichloromethane was evaporated and the residue was 
taken in THF (50 mL). After removal of DABCO salts by centrif-
ugation, the solvent was evaporated in vacuum, giving white 
solids. The products were solubilized in CH2Cl2 (15 mL) and 
verified in 31P{1H} NMR spectrum. The solution was then satu-
rated with gaseous HCl. After 15 minutes of stirring, a cloudy 
pale yellow solution has formed.  

For 2a, the reaction mixture was washed with water (2x10 mL). 
After drying the organic phase on MgSO4, dichloromethane was 
removed. THF (5 mL) was then added, the mixture was sonicated 
for few minutes. Filtration and washing with pentane (10 mL) 
yielded a white powder. 2a (0.87 g, 2.2 mmol, 57%). 31P{1H} 
NMR (CDCl3): δ 35.2 (s, PV); 1H NMR (CDCl3): δ 7.96 (1H, ddd, 
3JH,H=7.5 Hz, 4JH,H=2.0 Hz, 4JP,H=5.5 Hz, Ha), 7.75 (4H, dd, 
3JH,H=7.5 Hz, 3JP,H=13.0 Hz, o-CH(PPh2)), 7.70 (2H, vt, 3JH,H=7.5 
Hz, p-CH(PPh2)), 7.58 (4H, vtd, 3JH,H=3J’H,H=7.5 Hz, 4JP,H=2.5 
Hz, m-CH(PPh2)), 7.41 (1H, vtd, 3JH,H= 3J’H,H =7.5 Hz, 4JH,H = 3.0 
Hz, Hb), 6.80 (2H, m, Hc, Hd), 4.94 (1H, s, NH), 1.15 (9H, s, 
CH3); 

13C{1H} NMR (CDCl3): δ 161.6 (d, 2JP,C=2.0 Hz, OCIV), 
136.7 (d, 4JP,C=1.5 Hz, Cb), 134.8 (d, 4JP,C=3.0 Hz, p-CH(PPh2)), 
134.0 (d, 2JP,C=11.4 Hz, o-CH(PPh2)), 132.1 (d, 2JP,C=10.5 Hz, 
Cd), 129.8 (d, 3JP,C=13.5 Hz, m-CH(PPh2)), 128.8 (d, 3JP,C=12.4 
Hz, Ca/c), 122.7 (d, 1JP,C=101.8 Hz, CIV(PPh2)), 120.2 (d, 
3JP,C=13.9 Hz, Ca/c), 107.1 (d, 1JP,C=107.3 Hz, PCIV), 55.8 (d, 
2JP,C=4.8 Hz, CIV(CH3)3), 32.1 (d, 3JP,C=4.4 Hz, CH3) 

2b-2c were obtained after evaporation of dichloromethane and 
HCl and solubilization of the residue in THF (20 mL) giving a 
yellow slurry. The white solid was separated by centrifugation, 
washed again with THF (5 mL) and dried in vacuum. 

2b (1.24 g, 2.8 mmol, 72%). 31P{1H} NMR (CDCl3): δ 36.4 (s, 
PV); 1H NMR (CDCl3): δ 8. 15 (s, b, OH), 8.02 (1H, dd, 3JH,H=7.5 
Hz, 4JP,H=6.5 Hz, Ha), 7.80 (4H, ddd, 3JH,H=7.5 Hz, 4JH,H=1.0 Hz, 
3JP,H=13.5 Hz, o-CH(PPh2)), 7.75 (2H, vtt, 3JH,H=7.5 Hz, 4JH,H= 
1.0 Hz, p-CH(PPh2)), 7.62 (4H, vtd, 3JH,H=3J’H,H=7.5 Hz, 4JP,H=3.0 
Hz, m-CH(PPh2)), 7.46 (1H, vtd, 3JH,H= 3J’H,H =7.5 Hz, 4JH,H = 2.0 
Hz, Hb), 6.88 (2H, m, Hc, Hd), 4.96 (1H, d, 2JP,H=2.0 Hz, NH), 



 

1.46 (2H, s, CH2), 1.19 (9H, s, , CH3); 
13C{1H} NMR (CDCl3): δ 

161.4 (d, 2JP,C=2.0 Hz, OCIV), 136.7 (d, 4JP,C=2.0 Hz, Cb), 134.8 
(d, 4JP,C=3.0 Hz, p-CH(PPh2)), 133.9 (d, 2JP,C=11.5 Hz, o-
CH(PPh2)), 132.4 (d, 2/3JP,C=11.0 Hz, Cd/c), 129.8 (d, 3JP,C=12.0 
Hz, m-CH(PPh2)), 122.7 (d, 1JP,C=102.0 Hz, CIV(PPh2)), 120.3 (d, 
2/3JP,C=13.5 Hz, Cc/d), 119.4 (d, 2JP,C=7.4 Hz, Ca), 107.2 (d, 
1JP,C=106.3 Hz, PCIV), 55.8 (d, 2JP,C=5.0 Hz, CH2), 53.5 (s, 
CIV(CH3)3), 32.1 (d, 3JP,C=4.3 Hz, CH3). 

2c (1.35 g, 3.01 mmol, 78%).31P{1H} NMR (CDCl3): δ 39.9 (s, 
PV); 1H NMR (CDCl3): δ 7.97 (1H, ddd, 3JH,H= 6.5 Hz, 4JH,H = 1.0 
Hz, 4JP,H = 8.5 Hz, Ha), 7.68 (2H, vtt, 3JH,H=7.5 Hz, 4JH,H= 1.0 Hz, 
p-CH(PPh2)), 7.66 (4H, ddd, 3JH,H=7.5 Hz, 4JH,H=1.0 Hz, 
3JP,H=14.0 Hz, o-CH(PPh2)), 7.54 (4H, vtd, 3JH,H=3J’H,H=7.5 Hz, 
4JP,H=3.0 Hz, m-CH(PPh2)), 7.54 (1H, m, Hb), 7.10 (2H, vt, 
3JH,H=3J’H,H=7.5 Hz, m-CH(NPh)), 7.02 (1H, vtd, 3JH,H= 3J’H,H = 
6.5 Hz, 4JH,H = 1.0 Hz, Hc), 7.00 (1H, t, 3JH,H= 7.5 Hz, p-
CH(PPh2)), 6.93 (1H, ddd, 3JH,H= 6.5 Hz, 4JH,H = 1.0 Hz, 3JP,H= 3.5 
Hz, Hd), 6.85 (2H, d, 3JH,H= 7.5 Hz, o-CH(NPh)); 13C{1H} NMR 
(CDCl3): δ 161.8 (d, 2JP,C=2.5 Hz, OCIV), 137.8 (d, 2JP,C=3.0 Hz, 
CIV(NPh)), 137.6 (d, 4JP,C=2.0 Hz, Cb), 135.2 (d, 4JP,C=3.0 Hz, p-
CH(PPh2)), 133.8 (d, 2JP,C=11.5 Hz, o-CH(PPh2)), 133.1 (d, 
3JP,C=10.5 Hz, Cc), 130.0 (d, 3JP,C=13.6 Hz, m-CH(PPh2)), 129.6 
(s, m-CH(NPh)), 124.5 (s, p-CH(NPh)), 121.6 (d, 3JP,C=6.0 Hz, o-
CH(NPh)), 120.6 (d, 3JP,C=14.0 Hz, Ca), 120.3 (d, 1JP,C=104.0 Hz, 
CIV(PPh2)), 119.5 (d, 2JP,C=7.5 Hz, Cd), 105.9 (d, 1JP,C=105.0 Hz, 
PCIV). 

Synthesis of 2d. Br2 (200µL, 3.883 mmol) was added dropwise to 
a solution of the protected phosphinophenol (1304 mg, 3.883 
mmol) in CH2Cl2 (38mL) at -78°C under nitrogen. The cold bath 
was removed and stirring was continued for 45 minutes at room 
temperature. The obtained suspension was then cooled again to -
78°C and o-phenylenediamine (420 mg, 3.883 mmol) was added. 
Stirring was continued overnight at room temperature to give a 
pale yellow slurry. Dichloromethane was evaporated and the 
residue was washed with THF (2x10 mL), giving a white solid, 
which was dissolved in CH2Cl2 (15 mL), and verified in 31P{1H} 
NMR spectrum. The solution was then saturated with gaseous 
HCl. After 15 minutes of stirring, a cloudy pale yellow solution 
has formed. Dichloromethane and HCl were evaporated. The 
residue was taken in THF (20 mL) giving a yellow slurry. The 
white solid was separated by centrifugation, washed again with 
THF (5 mL) and dried in vacuum (1.95 g, 3.56 mmol, 92%).  
31P{1H} NMR (MeOD-d4): δ 39.0 (s); 1H NMR (MeOD-d4): δ 
7.93 (4H, ddd, 3JH,H=7.5 Hz, 4JH,H=1.0 Hz, 3JP,H=14.0 Hz, o-
CH(PPh2)), 7.85 (2H, ttd, 3JH,H=8.0 Hz, 4JH,H= 1.0 Hz, 5JP,H=2.0 
Hz, p-CH(PPh2)), 7.79 (1H, dvtd, 3JH,H= 3J’H,H =8.0 Hz, 4JH,H = 1.0 
Hz, 5JP,H =1.5 Hz, Hb), 7.71 (4H, vtd, 3JH,H=3J’H,H=7.5 Hz, 
4JP,H=4.0 Hz, m-CH(PPh2)), 7.53 (1H, ddd, 3JH,H=8.0 Hz, 4JH,H = 
1.0 Hz, 3JP,H=15.0 Hz, Hd), 7.46 (1H, dvt, 3JH,H =8.0 Hz, 4JH,H = 
1.0 Hz, 4JP,H=1.0 Hz, He), 7.26 (1H, vtd, 3JH,H=3J’H,H=8.0 Hz, 
4JH,H=1.0 Hz, Hf), 7.20 (1H, vtdd, 3JH,H= 3J’H,H=8.0 Hz, 4JH,H = 1.0 
Hz, 4JP,H=3.0 Hz, Hc), 7.15 (ddd, 3JH,H=8.0 Hz, 4JH,H = 1.0 Hz, 
4JP,H=6.0 Hz, 1H, Ha), 7.15 (vtd, 3JH,H=3J’H,H=8.0 Hz, 4JH,H=1.0 
Hz, 1H, Hg), 6.93 (dd, 3JH,H=8.0 Hz, 4JH,H=1.0 Hz, 1H, Hh); 
13C{1H} NMR (MeOD-d4): δ 162.8 (d, 2JP,C = 3.5 Hz, CIV-O), 
140.0 (d, 4JP,C = 2.0 Hz, Cb), 136.8 (d, 4JP,C = 3.0 Hz, p-CH(PPh2)), 
136.3 (d, 2JP,C=9.5 Hz, Cd), 135.4 (d, 2JP,C =11.5 Hz, o-CH(PPh2)), 

133.3 (d, 2JP,C =1.0 Hz, PNCIV), 132.7 (d, 3JP,C =14.0 Hz, m-
CH(PPh2)), 130.9 (s, Cf), 128.4 (s, Cg), 127.7 (d, 3JP,C = 8.0 Hz, 
NCIV), 127.1(d, 3JP,C = 4.0 Hz, Ce), 126.4 (s, Ch), 122.7 (d, 
3JPC=13.5 Hz, Cc), 121.6 (d, 1JP,C =106.0 Hz, CIV(PPh2)), 118.8 (d, 
3JP,C = 7.5 Hz, Ca), 107.8 (d, 1JP,C = 104.5 Hz, CIV(PPh2)). 

Synthesis of complexes 3a-d. KHMDS (200 mg, 1 mmol and 300 
mg, 1.5 mmol in the case of 3d) was added into a slurry of the 
phenolaminophosphonium salt (0.5 mmol) in THF (10 mL). After 
30 min stirring at room temperature, the insoluble potassium salts 
were removed by centrifugation. [NiBr2(DME)] (154 mg, 0.5 
mmol) was added resulting immediately in a color change. Stir-
ring was continued for 2h. Insoluble potassium salts were re-
moved by centrifugation. THF was evaporated to give the product 
as a pale solid which is washed with petroleum ether to remove 
traces of HMDS. 3a (220 mg, 0.21 mmol, 82%), pale purple solid. 
Anal. Calcd for C44H46Br3KN2Ni2O2P2: C, 48.35; H, 4.24; N, 
2.56. Found: C, 48.82; H, 5.38; N, 2.73. 3b. (195 mg, 0.18 mmol, 
74%). pale blue solid. Anal. Calcd C46H50Br3KN2Ni2O2P2: C, 
49.28; H, 4.50; N, 2.50. Found: C, 49.38; H, 4.39; N, 2.51. 3c. 
(230 mg, 0.21 mmol, 84%). pale green solid. µeff= 3.3(1) µB Anal. 
Calcd for C48H38Br3KN2Ni2O2P2: C, 50.89; H, 3.38; N, 2.47. 
Found: C, 49.22; H, 4.82; N, 2.97. 3d (200 mg, 0.39 mmol, 78%) 
deep red solid. µeff= 3.1(1) µB Anal. Calcd for C24H20BrN2NiOP: 
C, 55.22; H, 3.86; N, 5.37. Found: C, 55.15; H, 3.75; N, 5.28. 

Synthesis of complexes 4a-c. KHMDS (200 mg, 1 mmol) was 
added into a slurry of the phenolaminophosphonium salt (0.5 
mmol) in THF (10 mL). After 30 min stirring at room tempera-
ture, insoluble potassium salts were removed by centrifugation. 
[NiBr2(DME)] (154 mg, 0.5 mmol) was added resulting immedi-
ately in a color change. Stirring was continued for 2h, insoluble 
potassium salts were removed by centrifugation, and LiBr (44 mg, 
0.5 mmol) was added. The solution changed immediately giving a 
deep blue/purple color. After 2h the reaction mixture was concen-
trated (to 0.2 mL) leading to the precipitation of a crystallized 
solid, which was washed with petroleum ether to remove traces of 
HMDS. 4a. (329 mg, 0.46 mmol, 92 %). blue purple solid. µeff= 
3.2(1) µB. Anal. Calcd for C30H37Br2LiNNiO3P: C, 50.32; H, 5.21; 
N, 1.96. Found: C, 49.91; H, 5.61; N, 1.80. 4b. (300 mg, 0.42 
mmol, 84%). blue solid. Anal. Calcd for C31H39Br2LiNNiO 3P: C, 
51.00; H, 5.38; N, 1.92. Found: C, 50.76; H, 5.63; N, 1.83. 4c. 
(300 mg, 0.41 mmol, 82%). green solid. Anal. Calcd for 
C32H33Br2LiNNiO3P: C, 52.22; H, 4.52; N, 1.90. Found: C, 51.87; 
H, 4.68; N, 1.79. 

Synthesis of complexes 5a-c. KHMDS (200 mg, 1 mmol) was 
added into a slurry of the phenolaminophosphonium salt (0.5 
mmol) in THF (10 mL). After 30 min stirring at room tempera-
ture, insoluble potassium salts were removed by centrifugation. 
[NiBr2(DME)] (154 mg, 0.5 mmol) was added resulting immedi-
ately in a color change. Stirring was continued for 2h and the 
insoluble potassium salts were removed by centrifugation. AlBr3 
(134 mg, 0.5 mmol) was added. The solution changed immediate-
ly to a deep blue/purple one. After one night stirring, a dark solid 
precipitated out. THF was reduced in volume (2 mL) to favor the 
precipitation. The solid was separated by centrifugation, washed 
with petroleum ether to remove traces of HMDS, dried in vacu-
um. 5a (240 mg, 0.32 mmol, 64%), brown solid. Anal. Calcd for 
C22H23AlBr4NNiOP: C, 35.06; H, 3.08; N, 1.86. Found: C, 35.15; 



 

H, 3.12; N, 1.76. 5b, (230 mg, 0.31 mmol, 62%), brown solid. 
Anal. Calcd for C23H25AlBr4NNiOP: C, 35.98; H, 3.28; N, 1.82. 
Found: C, 36.08; H, 3.40; N, 1.92. 5c (240 mg, 0.31 mmol, 62%), 
brown solid. µeff= 3.4(1) µB. Anal. Calcd for C24H19AlBr4NNiOP: 
C, 37.26; H, 2.48; N, 1.81. Found: C, 37.33; H, 2.55; N, 1.75. 

Synthesis of complexes 6a-c. KHMDS (200 mg, 1 mmol) was 
added into a slurry of the phenolaminophosphonium salt (0.5 
mmol) in THF (10 mL). After 30 min of stirring at room tempera-
ture, insoluble potassium salts (KCl) was removed by centrifuga-
tion. [NiBr2(DME)] (154 mg, 0.5 mmol) was added resulting 
immediately in a change of color. Stirring was continued for 2h. 
PPh3 (122 mg, 0.5 mmol) was added. The solution changed im-
mediately to a deep green one. After stirring overnight, insoluble 
potassium salts were removed by centrifugation. and THF was 
reduced in volume (1 mL) allowing the precipitation of a green 
solid. The solid was separated by centrifugation and washed with 
petroleum ether to remove traces of HMDS, dried in vacuum. 6a. 
(260 mg, 0.35 mmol, 70%). green solid. Anal. Calcd for 6a 
(C40H38BrNNiOP2): C, 64.12; H, 5.11; N, 1.87. Found: C, 63.98; 
H, 5.22; N, 1.76. 6b. (280 mg, 0.37 mmol, 73 %). Green solid. 
µeff= 2.9(1) µB. Anal. Calcd for 6b (C41H40BrNNiOP2): C, 64.51; 
H, 5.28; N, 1.84. Found: C, 65.08; H, 4.40; N, 1.92. 6c. (315 mg, 
0.41 mmol, 83%). green solid. Anal. Calcd for 6c 
(C42H34BrNNiOP2): C, 65.58; H, 4.45; N, 1.82. Found: C, 65.44; 
H, 4.52; N, 1.90. 

General procedure for ethylene oligomerization 

All catalytic reactions were carried out in a glass container placed 
in a magnetically stirred stainless steel autoclave (40 mL), 
equipped with a pressure gauge and needle valves for injections. 
The interior of the autoclave was protected from corrosion by a 
Teflon protective coating. A typical reaction was performed by 
introducing in the reactor under nitrogen atmosphere a suspension 
of the complex (8 µmol) in toluene (20 mL). After injection of the 
cocatalyst solution (in toluene), the reactor was immediately 
brought to the desired working pressure, and continuously fed 
with ethylene using a reserve bottle. The reaction was stopped by 
closing the ethylene supply and cooling down the system to -
70°C. After release of residual pressure, the reaction was 
quenched by adding methanol (5 mL). n-heptane (1.2 mL) used as 
internal standard was also introduced and the mixture was ana-
lyzed by quantitative GC. 

X-ray crystallography 

Data were collected at 150 K on a Bruker Kappa APEX II 
diffractometer using a Mo Kα (λ=0.71069Å) X-ray source and a 
graphite monochromator. The crystal structure was solved using 
SIR 9726 and Shelxl-97 or Shelxl-2013.27 ORTEP drawings were 
made using ORTEP III for Windows.28 
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