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1 Introduction 

The demand for short-chain olefins is still increasing and the need to develop robust 

and selective oligomerisation catalytic systems is of prime importance and pushed by 

the recent upswing in ethylene production. Over the past 60 years a great number of 

homogeneous nickel catalysts for olefin oligomerisation have been reported.
[1–5] 

Among others, monophosphine ligands studied in the 1960s have shown to have 

significant positive effects on the selectivity in olefin oligomerisation, leading to 

industrial successes
[6]

. At that time, diphosphine ligands were scarce and the well-

known 1,2-bis(diphenylphosphino)ethane (DPPE) led to nickel-based catalysts that 

display low activity in ethylene transformation
[7,8]

. A renewed interest in bidentate 

ligands, triggered by the advances in their synthesis, allowed the evaluation of 

symmetrical diphosphines with different bite angles and electronic properties. In the 

field of nickel-catalysed olefin oligomerisation, symmetrical carbon-bridged 

diphosphines ligands have shown activity leading to formation of 

oligomeric/polymeric products.
[9–11]

 In addition, the groups of Le Floch
[12]

 and 

Matt
[13]

 respectively reported xanthene- and calixarene-based diphosphine nickel 

complexes associated to methylaluminoxane (MAO) as active catalytic systems for 

ethylene dimerisation (butenes > 90%). Symmetrical di(phosphino)amine Ph2P-NR-

PPh2 nickel complexes (with R = Ph, CH2-C6H5, CH2-(C4H3O), CH2-(C4H3S), CH2-

(C5H4N),CH2-CH2-(C4H3S)) were shown to oligomerise ethylene to light olefins with 

moderate activity when activated by MAO.
[14,15]

 Introducing bulky groups (OMe, 

Me, Et, iPr) on the ortho position of the arylphosphines switched the catalyst 

selectivity from oligomerisation to production of polyethylene.
[16,17]

 So far the 

evaluation of ligands in this important reaction is limited to symmetrical bis-

phosphine ligated nickel complexes, mainly because of the lack of synthetic routes of 

non-symmetric diphosphines. This has led us to develop, a synthetic route that allows 

the formation of nickel complexes based on non-symmetrical bidentate ligands. 

Herein, we report a metal-induced rearrangement strategy from iminobisphosphine 

ligands to symmetrical and non-symmetrical diphosphine nickel complexes. These 

nickel pre-catalysts can be activated using MAO, providing fast catalysts for ethylene 

and propylene oligomerisation reactions. Preliminary results are also reported, 

considering this rearrangement strategy for chromium in ethylene and propylene 

oligomerisation. 
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2 Results and Discussion 

2.1 Synthesis of iminobisphosphines 

Iminobisphosphines (N=P-P) were described for the first time by Schmidpeter et al. 

in 1969.
[18,19] 

However, their tendency to form oils (“schwer kristallisierbare Öle”) 

and to decompose were an obstacle to isolation and characterisation. Bulky and 

electron rich N-tosylamines have been described, leading to isolable 

iminobisphosphines TsN=PR2-PR2 (with R = Et or iPr).
[20]

 More recently, Dyson et 

al. reported the preparation and isolation of stable aryl-substituted 

iminobisphosphines.
[21]

 Generally these compounds are synthesised by reacting two 

equivalents of chlorophosphine with an amine. Iminobisphosphines may coexist with 

their di(phosphino)amine P-N-P isomer, in a ratio that depends on the nitrogen 

substitution (Scheme 1). Although homo-P substituted iminobisphosphines are now 

well described, the literature on hetero-P substituted iminobisphosphine ligands is 

scarce and limited to in situ NMR observations.
[20]

 In the presence of Pt or Pd 

precursors, Dyson et al. showed that iminobisphosphines completely rearrange to the 

bidentate P-N-P system in which both phosphorus atoms are coordinated to the metal 

centre.
[14,22,23]

 Recently, Shell also patented the synthesis of homo- and hetero-P 

substituted iminobisphosphine mixtures and their applications in chromium-catalysed 

ethylene oligomerisation.
[24,25] 

 

Scheme 1. Isomeric structures of iminobisphosphines (N=P-P) and di(phosphino)amines (P-N-P). 

We recently introduced METAMORPhos as a new ligand scaffold that consists of a 

sulphonamide based phosphoramidite ligand.
[26,27]

 The same sulphonamide building 

blocks were used in this work to prepare new iminobisphosphines, which were 

isolated as powders in moderate to good yields (up to 79%). The two different 

synthesis pathways explored: (A) or (B) are depicted in Scheme 2. Homo-P 

substituted iminobisphosphines were selectively obtained by reacting two equivalents 

of a chlorophosphine on a sulphonamide in presence of NEt3 in THF (A). On the 

other hand, hetero P-substituted iminobisphosphines were afforded via a two-step 

synthesis (B). First, the sulphonamide reacted with a chlorophosphine to give an 

aminophosphine, which represents a typical METAMORPhos ligand. Then, in a 
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second step the aminophosphine reacted with a different chlorophosphine to yield the 

hetero-P substituted iminobisphosphine. 

 

Ligand R
1
 R

2
 R

3
 Isol. yield 

1 (4-Br)C6H4 Ph - 68 % 

2 (4-nBu)C6H4 Ph - 79 % 

3 (4-Br)C6H4 iPr - 58 % 

4 (4-nBu)C6H4 Ph iPr 34 % 

5 (4-nBu)C6H4 Ph Cy 51 % 

Scheme 2. Synthesis of homo- and hetero-P substituted iminobisphosphines. 

2.2 Properties of iminobisphosphines 

Single crystals were grown for homo- and hetero-P substituted ligands 2 and 4 by 

slow diffusion of pentane in a toluene solution of the ligand. The X-ray crystal 

structures confirmed the ligand structures. Importantly, the order of addition of 

chlorophosphines in the stepwise route during the synthesis is retained of the hetero-

P substituted product, determines the final structure: i.e. the P(iPr)2 at the terminal 

P(III) position and PPh2 at the central P(V) (Figure 1 and Figure 2). The formation of 

iminobisphosphines is probably due to a nucleophilic attack of the METAMORPhos 

phosphorus (route B) on the chlorophosphine, in agreement with the reaction-

mechanism reported by Foss and co-workers.
[28]

 P1-N1 and P1-P2 distances for both 

ligands in the solid state are close to that found in the literature.
[21,23]

 The P(2)-P(1)-

N(1) angle in ligand 2 is in the range of previously reported iminobisphosphines 

(115.00(5)°). However, for the hetero-P substituted ligand 4, the P(2)-P(1)-N(1) 

angle is much shorter (99.5(1)°). 
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Figure 1. ORTEP plot (50% probability 

displacement ellipsoids) of ligand 1. Hydrogen 

atoms have been omitted for clarity. Selected bond 

lengths (Å) and angles (°): S(1)-O(1) 1.4446(11); 

S(1)-O(2) 1.4448(11); S(1)-N(1) 1.5726(12); P(1)-

P(2) 2.2221(5); P(1)-N(1) 1.6000(12); O(1)-S(1)-

O(2) 116.50(7), O(1)-S(1)-N(1) 106.98(6); O(1)-

S(1)-C(1) 105.97(7); O(2)-S(1)-N(1) 112.83(6); 

P(2)-P(1)-N(1) 115.00(5). 

Figure 2. ORTEP plot (50% probability 

displacement ellipsoids) of ligand 4. Hydrogen 

atoms have been omitted for clarity. Selected 

bond lengths (Å) and angles (°):S(1)-O(1) 

1.441(3); S(1)-O(2) 1.446(3); S(1)-N(1) 

1.591(2); P(1)-P(2) 2.200(1); P(1)-N(1) 

1.615(2); O(1)-S(1)-O(2) 116.6(1), O(1)-S(1)-

N(1) 107.5(1); O(1)-S(1)-C(25) 106.7(1); 

O(2)-S(1)-N(1) 113.0(1); P(2)-P(1)-N(1) 

99.5(1). 

The iminobisphosphines bear a central P(V) and a terminal P(III) atom, resulting in 

two characteristic doublets in the 
31

P NMR spectrum, with a 
1
JPP coupling constants 

of ca. 300 Hz. From 2D 
31

P{
1
H} experiment on the hetero-P substituted ligand 4, we 

assigned the doublet upfield at δ= 2.80 ppm to terminal P(iPr)2 and the downfield 

chemical shift at δ= 20.13 ppm to central PPh2 leading to comprehensive 
31

P NMR 

characterisation of all ligands. The 
31

P{
1
H} chemical shifts and the 

1
JPP values for 

ligands 1-5 are reported in Table 1. Basic substituents on the phosphines induce a 

chemical shift displacement downfield. In addition, 
1
JPP coupling constants increase 

with the phosphine basicity. Indeed, iminobisphosphines with basic substituents such 

as 3 (
1
JPP=329 Hz) have greater coupling constants compared to the aryl-substituted 

compounds (
1
JPP=281 Hz for 1). 

Table 1. 31P chemical shifts δ(ppm) and coupling constants 1JPP (Hz) of ligands 1-5 in CD2Cl2. 

Ligand P(V) - δ P(III) - δ 
1
JPP (Hz) 

1 Ph: 19.72 Ph: -18.74 281 

2 Ph: 19.47 Ph: -17.90 278 

3 iPr: 50.39 iPr: -6.32 329 

4 Ph: 20.13 iPr: 2.80 312 

5 Ph: 20.44 Cy: -4.98 315 
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2.3 Reaction of iminobisphosphines with nickel (II) 

Upon reaction of ligands 1-5 with NiBr2(DME) (DME = dimethoxyethane) as the 

metal precursor, complete conversion into di(phosphino)amine-chelated nickel 

complexes 6-10, respectively, was observed. Accordingly, the 
31

P NMR spectra 

display a singlet for the symmetrical complexes 6-8 and two doublets with a small 

coupling constant (
2
JPP = 119.6 and 118.6 Hz for 9 and 10, respectively), typical for 

cis-oriented ligands in nickel complexes. The red, diamagnetic complexes were 

obtained in moderate to good isolated yields (up to 80%, Scheme 3). This approach 

constitutes an elegant way to generate unprecedented symmetrical P-alkyl and non-

symmetrical diphosphine nickel complexes. Crystals of complexes 6 (symmetrical), 

9 and 10 (unsymmetrical) suitable for X-ray diffraction were grown from slow 

vapour diffusion of pentane into dichloromethane / toluene solutions. ORTEP 

diagrams are shown in Figure 3, Figure 4 and Figure 5 along with selected bond 

lengths and bond angles. All three nickel complexes adopt a square-planar geometry 

with a constrained cis-coordination of the ligand, similar to the published 

di(phosphino)amine nickel complexes.
 
The bond lengths and angles of the various 

complexes in the solid state are very similar. The substitution only slightly affects the 

P-N bond length, which is longer for basic phosphines; in complex 9, N-PPh2: 

1.727(3) Å and N-P(iPr)2: 1.752(3) Å and in complex 10, N-PPh2: 1.7449(15) Å and 

N-PCy2: 1.7512(15) Å. The bite angles of all the complexes are in the same range 

(97.16(8) < P–N–P < 97.37(15) and 75.54(2) < P–Ni–P < 75.976(19). 

 

 Complex R1 R2 R3 Isol. yield % 

6 4-BrPh Ph Ph 80 

7 4-nBuPh Ph Ph 68 

8 4-BrPh iPr iPr 57 

9 4-nBuPh Ph iPr 61 

10 4-nBuPh Ph Cy 54 

Scheme 3. Synthesis of di(phosphino)amine-NiBr2 complexes. 
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Figure 3. ORTEP plot (50% probability displacement 

ellipsoids) of complex 6. Hydrogen atoms and CH2Cl2 

solvent molecules have been omitted for clarity. 

Selected bond lengths (Å) and angles (°): Br(2)-Ni(1) 

2.3230(4); Br(3)-Ni(1) 2.3307(4); Ni(1)-P(1) 2.1277(6); 

Ni(1)-P(2) 2.1212(6); P(1)-N(1) 1.7316(18); P(2)-N(1) 

1.7385(18); Br(2)-Ni(1)-Br(3) 99.703(13); Br(2)-Ni(1)-

P(1) 91.250(19); Br(2)-Ni(1)-P(2) 163.48(2); Br(3)-

Ni(1)-P(1) 164.82(2); Br(3)-Ni(1)-P(2) 95.203(19); 

P(1)-Ni(1)-P(2) 75.54(2); Ni(1)-P(1)-N(1) 93.33(6); 

Ni(1)-P(2)-N(1) 93.36(6); P(1)-N(1)-P(2) 97.17(9). 

Figure 4. ORTEP plot (50% probability 

displacement ellipsoids) of complex 

9.4CH2Cl2. Hydrogen atoms and CH2Cl2 

solvent molecules have been omitted for 

clarity. Selected bond lengths (Å) and angles 

(°): Br(1)-Ni(1) 2.3334(6); Br(2)-Ni(1) 

2.3275(6); Ni(1)-P(1) 2.1189(10); Ni(1)-

P(2) 2.1284(10); P(1)-N(1) 1.727(3); P(2)-

N(1) 1.752(3); Br(1)-Ni(1)-Br(2) 98.87(2); 

Br(1)-Ni(1)-P(1) 92.91(3); Br(1)-Ni(1)-P(2) 

168.24(3); Br(2)-Ni(1)-P(1) 168.00(3); 

Br(2)-Ni(1)-P(2) 92.44(3); P(1)-Ni(1)-P(2) 

75.93(4); Ni(1)-P(1)-N(1) 93.85(10); Ni(1)-

P(2)-N(1) 92.79(10); P(1)-N(1)-P(2) 

97.37(15). 

 

Figure 5. ORTEP plot (50% probability 

displacement ellipsoids) of complex 10. 

Hydrogen atoms have been omitted for 

clarity. Selected bond lengths (Å) and angles 

(°): Br(1)-Ni(1) 2.3314(3); Br(2)-Ni(1) 

2.3200(3); Ni(1)-P(1) 2.1194(5); Ni(1)-P(2) 

2.1401(5); P(1)-N(1) 1.7449(15); P(2)-N(1) 

1.7512(15); Br(1)-Ni(1)-Br(2) 97.109(12); 

Br(1)-Ni(1)-P(1) 92.018(16); Br(1)-Ni(1)-

P(2) 167.949(18); Br(2)-Ni(1)-P(1) 

170.843(18); Br(2)-Ni(1)-P(2) 94.884(16); 

P(1)-Ni(1)-P(2) 75.976(19); Ni(1)-P(1)-N(1) 

93.78(5); Ni(1)-P(2)-N(1) 92.88(5); P(1)- 

N(1)-P(2) 97.16(8). 
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2.4 Nickel-induced rearrangement of iminobisphosphines 

We were interested in the mechanism of the metal induced rearrangement of these 

ligands and therefore we performed some additional experiments. Upon mixing 

ligand 3 with NiBr2(DME), the signals of the free ligand disappeared and we 

observed two new resonances, at δ(CD2Cl2): 133.6 ppm and δ(CD2Cl2): 36.6 ppm. 

The resonance at 133.6 ppm is characteristic for di(isopropyl)phosphine bromide and 

is also observed when the synthesis is performed in halogen-free solvents such as 

toluene, showing that the halogen source is most likely the nickel precursor. The 

resonance at 36.6 ppm is in the range of the R-NH-PR2 fragment. These observations 

are in line with the proposed metal-induced rearrangement reported by Dyson et al. 

for Pd and Pt.
[15]

 In this mechanism the P-P bond of the iminobisphosphine is 

proposed to be homolitically cleaved, releasing a chlorophosphine and the remaining 

fragment. Additionally, we reasoned that this rearrangement may also involve 

intermolecular processes. Therefore we did an experiment in which we mixed the 

homo-P substituted iminobisphosphines 2 (Ph,Ph) and 3 (iPr, iPr) with 2 eq. of 

NiBr2(DME). After 5 min complete conversion of ligand 2 to the symmetrical 

complex 7 was observed in addition to free ligand 3. After 4 days stirring, a mixture 

of homo- and hetero-substituted complexes was observed (Scheme 4). Surprisingly, 

the addition of one equivalent of ligand 3 (iPr, iPr) to a solution of isolated complex 

7 (Ph,Ph), resulted in the formation of only one non-symmetrical complex (
2
JPP = 

120 Hz) along with the starting materials, and the formation of homocomplex 8 was 

not observed. This demonstrates that the P-P bond is more likely to be cleaved in P-

alkyl based systems and that the P-N bond as in the di(phosphino)amine complex 7 

may also be broken. Importantly, mixing the two isolated complexes 7 (Ph,Ph) and 8 

(iPr, iPr) did not lead to the formation of non-symmetrical complexes, indicating that 

the complexes themselves are sufficiently stable (in absence of triggers) for catalysis. 

Some decomposition products and paramagnetic compounds were, however, formed 

after 4 days.  

 

Scheme 4. Scrambling experiment on complex formation: 2 symmetrical iminobisphosphines and 

NiBr2(DME) (2eq.) in DCM. 
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The symmetrical and non-symmetrical bidentate P-N-P nickel complexes 7-10 were 

evaluated in ethylene oligomerisation using methylaluminoxane (MAO, 10% wt. in 

toluene) as activator. Three diphosphine nickel complexes NiCl2(DPPE), 

NiBr2(DPiPrE) and NiBr2(DPCyE) were prepared to evaluate the electronic and 

chelating effects on the catalytic outcome (Scheme 5). Ethylene oligomerisation 

reactions were carried out under two different sets of conditions: 30 bar / 45°C and 5 

bar / 30°C. All the reactions were duplicated and turned out to be reproducible (see 

Table 2 and Table 3). 

 

Scheme 5. Reference diphosphine nickel complexes for ethylene oligomerisation: NiCl2(DPPE), 

NiBr2(DPiPrE) and NiBr2(DPCyE). 

2.5 Nickel complexes evaluation in ethylene oligomerisation 

Upon activation with MAO at 30 bar and 45°C, complex 7 is moderately productive 

for short chain oligomers (14 x 10
3 

goligomers.(gNi.h)
-1

, see Table 2). The deactivation, 

observed experimentally by a decrease in ethylene uptake in time, is attributed to an 

unstable active species as a black deposit was recovered at the end of the reaction. 

Interestingly, the novel alkyl-substituted (PNP’)NiBr2 complexes 8, 9, 10 were very 

active (70-81 x 10
3 

goligomers.(gNi.h)
-1

) and the exothermic reaction resulted in a 

temperature change (up to + 23°C). Compared to the aryl-disubstituted complex 7, 

they were five times more active showing that basic phosphorus moieties are 

beneficial for the activity. In contrast, the ethylene-bridged diphosphine nickel 

complexes NiCl2(DPPE), NiBr2(DPCyE) and NiBr2(DPiPrE) gave oligomers with 

low activity and the reaction temperature could be controlled at 45-50°C during the 

reaction. The activity and selectivity displayed by NiCl2(DPPE) and NiBr2(DPCyE) 

is similar to the methylene-bridged diphosphine complexes reported by the group of 

Pringle and Wass.
[4]
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Table 2. Results of catalytic reactions of ethylene oligomerisation at 30 bar C2H4, 45°C for complexes 

7-10 and references NiCl2(DPPE), NiBr2(DiPrPE) and NiBr2(DPCyE). 

Performing the catalytic experiments under milder conditions (5 bar and 30 °C) 

allowed full control of the reaction temperature. By applying these conditions it was 

possible to keep the ethylene uptake linear and catalysts were still active after 60 

min. The symmetrical diphenyl-P substituted complex 7 was barely active at 5 bar 

and 30°C affording mainly dimers (Table 3) The nitrogen substitution of all the 

complexes, namely the -SO2- moiety did not have a crucial impact on the catalysis 

since N-alkyl substituted complexes of general formula R-CH2-N(PPh2)2, developed 

by the group of Wu
[7]

 were equivalent in terms of activity to the symmetrical 

diphenyl-P substituted complex 7. If not directly impacting catalysis, the sulphonyl 

group enhanced the stability of the synthetic intermediates and gave the possibility to 

reach a variety of homo- and hetero-substituted nickel complexes, especially some 

with basic phosphines. The corresponding isopropyl di-substituted analogue 8 

showed high productivity and moderate selectivity for butenes (66.5 %) and low 

alpha selectivity (10.7 %). Selectivity in 1-C4 is lower than that obtained in Table 2 

demonstrating that isomerisation of 1-C4 into 2-C4 can be dependent on operating 

conditions. Lower ethylene concentration in the liquid phase induced by lower 

pressure at iso temperature favours this side reaction. The non-symmetric complexes 

9 (Ph,iPr) and 10 (Ph,Cy) activated by MAO were also very active and moderately 

selective to butenes formation (67.0 and 60.4 %, respectively). 

 

 

 

Complex 
Tmax 

(°C) 
Mass of products (g) Prod.

[a]
 

Product distribution
[b]

 1-

C4
[c] 

C4 C6 C8
+
 

7 52 8.4 14 92.4 6.6 1.0 57.7 

8
[d]

 77 36.1 80 71.5 18.3 10.2 22.3 

9
[d]

 65 36.2 81 71.7 17.9 10.4 20.9 

10
[d] 

70 33.1 70 68.1 19.4 12.5 22.2 

NiCl2(DPPE) 51 2.9 5 93.2 5.3 1.6 38.0 

NiBr2(DiPrPE) 50 1.3 2 79.1 15.3 5.6 67.7 

Reaction conditions: nNi = 10 µmol , MAO (300 eq.), toluene (50 mL), 1h (unless stated otherwise). 

[a] Productivity x 103goligomers.(gNi.h)-1; [b] Product analysis performed by GC (wt.%); [c] wt.% 1-C4 

in C4 fraction; [d] stopped at 45 min. 
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Table 3. Results of catalytic reactions of ethylene oligomerisation at 5 bar C2H4, 30°C for complexes 7-

10. 

Complex 
Tmax 

(°C) 

Mass of  

products (g) 
Prod.

[a]
 

Product distribution
[b]

 1-

C4
[c] 

C4 C6 C8
+
 

7 30 3.0 5 94.4 4.8 0.8 11.9 

8 34 23.9 41 66.5 22.4 11.2 10.7 

9 30 17.0 29 67.0 21.8 11.3 10.1 

10
 30 25.9 36 60.4 24.9 14.7 9.4 

Reaction conditions : nNi = 10µmol , MAO (300 eq.), toluene (50 mL), 1h; [a] Productivity x 

103goligomers.(gNi.h)-1
; 

[b] Product analysis performed by GC (wt.%); [c] wt.% 1-C4 in C4fraction. 

The moderate selectivity for the terminal linear olefins in the C4 and C6 fractions 

obtained when complexes 7-10 were used as catalysts (see Table 3) is likely to result 

from two different processes, i.e. isomerisation that converts for instance 1-C4 into 2-

C4 and/or co-dimerisation of butenes and ethylene to branched hexenes. We therefore 

looked in detail at the C6 products to attempt to understand the mechanistic 

pathways. The identification of all the C6 isomers (1-hexene, 2-hexene (cis + trans), 

3-hexene (cis + trans), ethyl-2-butene-1, methyl-3-pentene-1, methyl-3-pentene-2 

(cis + trans)) was possible by coupling GC and GC-MS analyses and is presented for 

systems 7-10 in Table 4. 

Table 4. Isomer distribution in the C6 cut for complexes 7-10 determined by GC. 

% of C6 HEX1 HEX2 HEX3 M3P1 M3P2 E2B1 

7 4,4 24,5 9,3 12,0 35.6 14,2 

8 0,7 6,2 1,6 12,2 59.6 19,7 

9 0,7 7,2 1,6 12,1 61.6 17,3 

10 0,5 5,4 1,3 10,9 63.5 18,4 

Reaction conditions: see Table 3. HEX1: 1-hexene; HEX2: 2-hexenes (cis and trans); HEX3: 3-hexenes 

(cis and trans); M3P1: methyl-3-pentene-1; M3P2: methyl-3-pentenes-2 (cis and trans); E2B1: ethyl-2-

butene-1. 

 

Analysis of the C6 products formed from the experiment in which precatalyst 7 was 

used, revealed the presence of up to 38.2 % of linear C6 olefins compared to 9.6 % 

maximum for precatalysts 8-10 containing P-alkyl moieties. Remarkably, the 

symmetrical and non-symmetrical precatalysts 8-10 present the same product 

distribution pattern in C6 oligomers, methylpentenes being the predominant isomers 

with up to 74.4 wt.% in the C6 fraction. While linear isomers are expected to be 

formed from parallel ethylene reactions, branched products are likely formed from 

consecutive co-dimerisation reactions of ethylene and butenes and not by parallel 

polyaddition of ethylene. To gain understanding on co-dimerisation, we monitored 
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the product formation in the liquid phase using 8 as the precatalyst. Samples of the 

reaction mixture taken after 12 min showed that the linear C6 / branched C6 ratio was 

identical to the one quantified after 1h reaction time. This demonstrates that co-

dimerisation is not only observed when butenes are accumulated in the medium but 

also at the start of the reaction. Considering the very high content of branched 

isomers at different reaction times, we conclude that for our alkyl-based 

di(phosphino)amine nickel catalysts the co-dimerisation reactions are competitive 

with ethylene oligomerisation. 

2.6 Nickel catalyst evaluation in propylene oligomerisation 

The dimerisation of propylene with a nickel(II) catalyst precursors that does not 

contain any phosphine ligand and activated with EADC (ethyldichloroaluminium) 

usually gives oligomers with uncontrolled regioselectivity, typically a mixture of 

dimethylbutenes (4%), methylpentenes (87%) and n-hexenes (9%).
[29]

 It is well-

known that the use of bulky and basic phosphine ligands, such as 

triisopropylphosphine or tricyclohexylphosphine (PCy3), can drive the reaction to 

high selectivity in 2,3-dimethylbutenes (2,3-DMB-1 and 2,3-DMB-2). 2,3-

Dimethylbutenes are especially important since they can be used as key starting 

olefins for fine chemical intermediates. 2,3-DMB-2 is used for the synthesis of 

Danitol
TM

, which is a high performance pyrethroid insecticide invented by Sumitomo 

in 1976, and to produce other intermediates (Pinacolone). 2,3-DMB-1 is a key 

intermediate for the production of musk fragrances (Tonalid
TM

).
[30–32]

 A lot of studies 

have been made on the Ni-phosphine catalytic systems in order to improve the 

activity and the selectivity,
[33,34]

 but the use of diphosphine ligands associated with 

MAO as activator of nickel precursors has not been reported so far. 

The reference complex NiCl2(PCy3)2 and the precatalysts 7-10 were evaluated upon 

MAO activation in chlorobenzene for propylene oligomerisation (Table 8). The 

experimental conditions had to be adapted to the manipulation and reactivity of 

liquid propylene and are the following. The solvent was first introduced with n-

heptane as internal standard in the reactor. Propylene (4 g) was then introduced and 

the reactor was cooled to 10°C. Then the nickel complex solution was introduced, 

followed by the MAO cocatalyst. The mass of propylene introduced was then 

increased to 20 g and the reaction was performed in closed batch. Starting the 

reaction at low temperature (10°C) allowed controlling the initial reaction exotherm 

due to the high concentration of propylene in the liquid phase. After 10 minutes, the 

reactor was heated and maintained at 45°C. The reaction progress could be followed 

by the decrease of pressure in the reactor and by analysis of aliquot of liquid products 

formed. 
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For NiCl2(PCy3)2, low propylene conversion (9 wt.%) was observed after 10 minutes 

at 10°C, while a rapid increase in product formation was measured at 45°C (73 % 

after 20 additional minutes and up to 85% after 110 minutes, Table 5, Entries 1-3). 

The product analysis showed a change in selectivity depending on propylene 

conversion. Indeed, a shift towards heavier products (C9, C12) was observed at higher 

conversions. This is explained by an increase of hexenes concentration relative to 

propylene concentration in time, favouring the co-dimerisation reactions (C3+C6 or 

C6+C6).  

The complexes 7-10 were then evaluated under identical conditions (T = 45°C) and 

product selectivity was compared at similar (> 65 wt.%) propylene conversions 

(Table 5, Entries 4-7). After 110 minutes, up to 81% conversion was obtained with 

excellent selectivity of 95.8 % in hexenes when complex 7 bearing a symmetrical 

aromatic diphophinoamine ligand was applied. This result is surprising since the 

same catalyst is almost inactive for ethylene oligomerisation (see Table 3). However, 

monitoring the pressure decrease in the reactor for catalytic reactions with complexes 

7-10 shows that complex 7 is more active at low temperature (10°C for the first 10 

min) than at higher temperature (45°C). This suggests catalyst decomposition of 

phenyl substituted phosphines at higher temperature, a phenomenon already observed 

by the group of Wu.
[14]

 Complex 7 afforded a poor selectivity of 19.1 % in DMBs 

(Table 6, Entry 4) under these conditions. Complex 8, based on a symmetrical alkyl 

di(phosphino)amine ligand, gave much more formation of heavier products C9 to 

C15
+
 (59.8 % dimers relative to all products) compared to complex 7, despite a lower 

propylene conversion.  

An enhanced selectivity in DMBs in the C6 fraction was obtained for complex 8 

(52.4 %) (Table 6, Entry 5) compared to complex 7. This result shows that the effect 

of alkyl-based phosphine ligands is maintained in the case of bidentate symmetrical 

alkyl diphosphine ligand.  

The use of dissymmetrical complexes 9 and 10 lead to the formation of mainly 

dimers (80%) even at high propylene conversions (64 and 75 wt.%, respectively, 

Table 5, entries 6-7). In addition, the selectivity in DMB in the C6 fraction is > 40% 

(Table 6, entries 5-7). This demonstrates that the introduction of only one alkyl-based 

phosphino group already affects the catalytic properties of the nickel complex.  

As a conclusion, the nature of the di(phosphino)amine ligands has a great impact on 

the nickel catalysed propylene dimerisation. Symmetrical aromatic 

di(phosphino)amine ligands gave rise to the formation of dimers with uncontrolled 
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regioselectivity (methylpentenes are the main dimers). The introduction of at least 

one alkyl-phosphino group on the chelating bidentate ligand leads to a more 

controlled reaction resulting in the formation of 2,3-DMB-1 as the main dimer.  

Table 5. Oligomerisation of propylene: product distribution. 

Entry Complex 
Conversion

[d]
 Oligomer distribution (wt.%)

[a] 

(wt.%) C6 C9 C12 C15
+
 

1 NiCl2(PCy3)2
[b]

 9 70.2 15.5 5.3 9.0 

2 NiCl2(PCy3)2
[c]

 73 62.7 19.4 8.0  9.9 

3 NiCl2(PCy3)2 85 56.5 23.3 10.8 9.4 

4 7 35-40 95.8 3.3 0.7 0.2 

5 8 75-80 59.8 23.0 9.0 8.2 

6 9 60-65 81.3 12.3 3.9 2.5 

7 10 50-53 80.1 14.0 4.3 1.6 
Reaction conditions: 20 g C3H6, 45°C unless stated, co-catalyst: MAO (300 eq.) nNi =10 µmol, solvent: 

chlorobenzene, reaction volume: 50 mL, reaction time: 110 min unless stated, [a] Determined by GC based on 

analysis of an aliquot of the liquid phase and in reference to n-heptane. 1-3 [b] Reaction time: 10mn, T= 10°C. [c] 

Reaction time: 30mn T=10-45°C. [d] Conversion determined by GC for entries 1-3, and by pressure monitoring at 

85 min for entries 4-7 (estimation). 

 

Table 6. Oligomerisation of propylene: dimer selectivity[a] 

Entry  Complex 4M1P 1-DMB 4M2P 2M1P 2M2P Hex 2-DMB 

3 NiCl2(PCy3)2 0.6 72.8 6.3 12.9 4.1 2.4 0.9 

4 7 1.3 17.8 9.6 29.2 29.7 11.1 1.3 

5 8 3.9 47.0 5.8 25.8 9.1 3.0 5.4 

6 9 1.9 37.9 11.8 25.3 13,9 6.4 2.8 

7 10 1.8 44.7 7.8 25.5 12.3 4.8 3.1 
[a] For reaction conditions, see Table 8. Dimer selectivity (wt.%) determined by GC/MS. 4M1P: 4-methyl-1-

pentene; 1-DMB: 2,3-dimethylbut-1-ene; 4M2P: 4-methyl-2-pentene; 2M1P: 2-methyl-1-pentene; 2M2P: 2-

methyl-2-pentene; Hex: hexenes; 2-DMB: 2,3-dimethylbut-2-ene. [b] 10 min. [c] 30 min. 
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Figure 6. Pressure monitoring for the catalytic oligomerisation reactions of propylene with catalysts 7-

10 in batch reactor; From 0-10 min: T=10°C, from 10 to (35-40) min temperature increase to 45°C, 

from (35-40) min to 90 min: T= 45°C. 

2.7 Ligand evaluation in chromium-catalysed ethylene oligomerisation 

Di(phosphino)amine ligands R2PN(R)PR2 (Figure 7) associated with chromium have 

been reported by BP
[35,36]

 and Sasol
[37–43]

 as efficient catalysts upon MAO activation 

for selective ethylene trimerisation or tetramerisation to 1-hexene or 1-octene, 

respectively. Up to now, the iminobisphosphine rearrangement to 

di(phosphino)amine known for late transition metals as palladium, platinum or nickel 

has not been explicitly described with early transition metals. Shell, however, 

claimed in a patent that mixtures of iminobisphosphines (Figure 7), a chromium 

precursor and MAO led to the formation of selective catalysts for 1-octene 

production.
[24,25,44]

 These results suggested the chromium mediated rearrangement of 

iminobisphosphines to di(phosphino)amine. We therefore sought to determine how 

the introduction of electron withdrawing sulphonyl fragment on the nitrogen atom 

could impact the ligand rearrangement in presence of chromium and the selectivity of 

these associations with MAO in ethylene oligomerisation. 
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Figure 7. Di(phosphino)amine and iminobisphosphine ligands for selective chromium-catalysed 

ethylene oligomerisation. 

Prior to in situ ethylene oligomerisation tests, we separately evaluated the 

iminobisphosphine 1-4 reactivity with CrCl3(THF)3 as chromium precursor in 

dichloromethane at room temperature in a 2:1 ratio. A quick colour change of the 

solution from purple to deep blue was noticed and suggested ligand coordination to 

chromium. Due to the paramagnetic nature of these chromium complexes, full NMR 

characterisation was not possible. However, new signals were observed in 
31

P NMR, 

δ= 83 ppm (corresponding to PPh2Cl) and δ= 32 ppm in the reaction course with 

ligands 1 and 2, and δ= 133 ppm (corresponding to P(iPr)2Cl) and δ= 32 ppm ligands 

for 3 and 4 along with consumption of the ligand. These observations, similar to 

those reported with nickel halides, suggest the cleavage of the P-P bond and the 

formation of the di(phosphino)amine chromium complexes (Scheme 6). 

 

Scheme 6. Chromium complexes formation using iminobisphosphine ligands 1, 2, 3, 4 

The chromium complexes precipitated when the synthesis was run in THF upon 

heating at 60°C. The solid that resulted were very little soluble in organic solvents, 

which prevented also further attempts to grow crystals. 

Iminobisphosphines 1-3 were independently evaluated in ethylene oligomerisation 

with Cr(acac)3 and CrCl3(THF)3 as chromium precursors in presence of MAO in 

toluene at 35 bar and 45°C. Two different chromium precursors were selected to 

probe the influence of the anion on the metal-induced rearrangement. The solutions 

of ligand 1, 2 or 3 and Cr(acac)3, after 10 minutes stirring at room temperature, were 
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injected in the different reactors as a suspension while limpid solutions were obtained 

from mixing the different ligands with CrCl3(THF)3. For comparison, we also 

evaluated the di(phosphino)amines reported by Sasol (Figure 7) with Cr(acac)3 in 

similar reaction conditions. High activity and selectivity were obtained for the 

reference catalyst, with up to 130 x 10
3 

goligomers.(gCr.h)
-1

 and 70% of octenes relative 

to all other products with 98.8% of 1-octene in this C8 fraction. The other products 

formed were hexenes (16%), a distribution of heavier products (13%) and 

polyethylene (< 1%). The systems formed by the different ligands 1-3 and chromium 

precursors displayed very low reactivity within one hour reaction time and ethylene 

uptake did not exceeded 2 g. Such low ethylene consumption did not allow 

calculating representative activities. GC analysis of the different liquid phases 

showed wide oligomer distributions with similar Schulz-Flory constant (KSF = 0.57 - 

0.68) showing no specific ligand effect on the catalytic outcome. These preliminary 

tests suggested that either the complex formation with the different ligands was not 

effective or that these ligands have a detrimental effect on chromium-catalysed 

ethylene oligomerisation. 

3 Conclusion 

Starting from sulphonamide moieties, we prepared several stable iminobisphosphines 

bearing P-aryl, P-alkyl or mixture of both groups. We showed that the metal-induced 

rearrangement to di(phosphino)amine complexes is likely initiated by P-P bond 

cleavage and that the ligand redistribution can involve an intermolecular process. 

This path allows easy generation of new alkylphosphine substituted complexes 

(PNP)NiBr2 and non-symmetrical complexes (PNP’)NiBr2. Activated by MAO, the 

alkyl-P containing catalysts are efficient for ethylene oligomerisation. Besides 

displaying a high productivity, these systems display an unusual product distribution 

of butenes along with oligomers (C6 and C8
+
) that are mainly composed of branched 

olefins that are favoured by co-dimerisation processes. In propylene oligomerisation, 

we observed a clear influence of the di(phosphino)amine moiety on the product 

distribution, the dimers being favoured over the heavier products (C9
+
) with aromatic 

phosphino groups while alkyl moieties enhanced the dimethylbutene formation 

within the C6 fraction. Using dissymmetrical disphosphinoamine complexes allows 

combining both effects leading to an overall yield of 29% in DMBs for complex 10 

bearing a diphenylphosphino and a dicyclohexylphosphino group. Different 

iminobisphosphines were evaluated for in situ chromium-catalysed ethylene 

oligomerisation revealing low activity and no particular selectivity for the different 

combinations. 
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4 Experimental Section 

4.1 General 

All reactions were carried out under an atmosphere of nitrogen using standard Schlenk 
techniques. Sulphonamides and reference ligands were purchased from commercial suppliers 
and used without further purification. Chlorophosphines were distilled trap to trap under 
reduced pressure. MAO (10% in toluene) was purchased from Chemtura and stored cold. 
THF, pentane and Et2O were distilled from sodium and benzophenone. CH2Cl2, 
chlorobenzene and triethylamine were distilled from CaH2, toluene from sodium, under 
nitrogen. NMR spectra (

1
H, 

1
H{

31
P}, 

31
P, 

31
P{

1
H} and 

13
C{

1
H}) were measured on a Varian 

MERCURY 300 MHz, or a BRUKER 300 MHz spectrometer at 300K. High resolution FAB 
(Fast Atom Bombardment) mass spectra were recorded on a JEOL JMS SX/SX102A four 
sector mass spectrometer. Calculated spectra were obtained with JEOL Isotopic Simulator 
(version 1.3.0.0). Analyses of liquid phases were performed on a GC Agilent 6850 Series II 
equipped with a PONA column. The gas phases for ethylene oligomerisation were analysed 
by gas GC on HP 6890.  

4.2 Ligand synthesis 

The syntheses of metamorphos ligands were described in Chapter 2 and run accordingly
[23,45] 

Synthesis of 4-bromo-N-(1,1,2,2-tetraphenyldiphosphanylidene) 

benzenesulphonamide 1: 

4-bromobenzene-1-sulphonamide (500 mg, 2.12 mmol, 1.0 eq.) was 
dissolved in tetrahydrofuran (10 mL) and triethylamine (1.6 mL, 11.2 
mmol, 5.3 eq.) leading to a clear colourless solution. Distilled 
diphenylchlorophosphine (0.760 mL, 4.24 mmol, 2.0 eq.) was added 
dropwise under strong magnetic stirring at room temperature. The 
suspension was left to stir 5 min at room temperature. The suspension 

was then filtered under nitrogen atmosphere and the resulting clear solution was evaporated to 
a white solid. The solid was dissolved in a minimum of dichloromethane and pentane (20 
mL) was added. Upon evaporation under reduced pressure, a precipitate formed. The liquid 
was syringed out and the powder was washed twice with pentane (10 mL). Finally the 
product was dried under reduced pressure affording a white powder (isolate yield: 870 mg, 
68%). Crystals suitable for XR diffraction were obtained by slow diffusion of pentane in a 
saturated dichloromethane solution of the product. 

1
H NMR (300 MHz, CD2Cl2, 300K) 

δ(ppm) 7.82 – 6.89 (m, 24H). 
31

P NMR (121 MHz, CD2Cl2, 300K) 19.72 (d, 
1
JPP = 281.1 Hz), 

-18.74 (d, 
1
JPP = 281.1 Hz). 

31
P{

1
H} NMR (121 MHz, CD2Cl2, 300K) δ(ppm) 19.72 (d, 

1
JPP = 

279.9 Hz), -18.74 (d, 
1
JPP = 281.2 Hz). 

13
C NMR (75 MHz, CD2Cl2, 300K) δ(ppm) 124.96 (s, 

C
IV

, C-Br); 127.42 (dd, 
1
JCP = 81.8 Hz, 

2
JCP = 10.2 Hz, C

IV
 PPh2 ipso, 4C); 127.81 (s, CHArSO2, 

2C); 129.00 (d, 
3
JCP = 12.3 Hz, CHAr meta, 4C); 129.17 (dd, 

3
JCP = 7.9, 

4
JCP = 1.1 Hz, CHAr meta, 

4C); 130.95 (d, 
4
JCP = 2.4 Hz, CHAr para, 2C); 131.56 (s, CHArSO2, 2C); 133.22 (d, 

4
JCP = 3.1 

Hz, CHAr para, 2C); 133.47 (dd, 
2
JCP = 9.71 Hz, 

3
JCP = 4.54 Hz, CHAr ortho, 4C); 135.75 (dd, 

2
JCP 

= 21.1 Hz, 
3
JCP = 7.2 Hz, CHAr ortho, 4C); 145.90 (d, 

3
JCP = 3.2 Hz, C

IV
, C-SO2). MS(FAB

+
): 

m/z calcd. for C30H25NO2P2BrS ([MH]
+
) : 606,0248; obsd.: 606,0255. Anal. found (calcd.) for 

C30H25NO2P2BrS: C, 59.53 (59.61); H, 3.85 (4.00); N, 2.26 (2.32).  
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Synthesis of 4-butyl-N-(1,1,2,2-tetraphenyldiphosphanylidene) 

benzenesulphonamide 2: 

4-butylbenzene-1-sulphonamide (500 mg, 2.34 mmol, 1 eq.) was 
dissolved in tetrahydrofuran (20 mL) and triethylamine (1 mL, 7.17 
mmol, 3 eq.) leading to a clear colourless solution. Distilled 
diphenylchlorophosphine (0.945 mL, 4.98 mmol, 2.1 eq.) was added 
dropwise under strong magnetic stirring at room temperature. The 
suspension was left to stir 5 min at room temperature. The suspension 

was then filtered under nitrogen atmosphere and the resulting clear solution was evaporated to 
an oil. The oil was dissolved in Et2O (10 mL) and evaporated without heating means. This 
step was repeated 4 times until the combined increase in concentration and loss in 
temperature caused the product to precipitate. The solid was vacuum dried to obtain a white 
powder (isolate yield: 1.07 g, 79%). 

1
H NMR (300 MHz, CD2Cl2, 300K): δ(ppm)= 7.91 – 

6.33 (m, -CHAr, 24H), 2.59 (t, 
3
JHH = 7.7 Hz, CH3-CH2-CH2-CH2-CAr, 2H), 1.57 (m, CH3-

CH2-CH2-CH2-CAr, 2H), 1.33 (m, CH3-CH2-CH2-CH2-CAr, 2H), 0.93 (t, 
3
JHH = 7.3 Hz CH3-

CH2-CH2-CH2-Ar, 3H). 
13

C NMR (75 MHz, CD2Cl2, 300K): δ(ppm)= 14.09 (CH3); 22.63 
(CH2-CH3); 33.87 (CH2-CH2-CH3); 35.72 (Ar-CH2); 125.98 (CAr-SO2, 2C); 127.89 (dd, 

1
JPC = 

81.5 Hz, 
2
JCP = 10.2 Hz, C

IV
 PPh2 ipso, 4C); 128.80 (CAr-SO2, 2C); 128.88 (d, 

3
JCP = 12.3 Hz, CH 

PPh2 meta, 4C); 129.08 (dd, 
3
JCP = 7.8 Hz, 

4
JCP = 0.9 Hz, CH PPh2 meta, 4C); 130.81 (d, 

4
JCP = 2.3 

Hz, CH PPh2 para, 2C); 133.03 (d, 
4
JCP = 3.0 Hz, CH PPh2 para, 2C); 133.46 (dd, 

2
JCP = 9.6 Hz, 

3
JCP 

= 4.4 Hz, CH PPh2 ortho, 2C); 135.76 (dd, 
2
JCP = 21.05 Hz, 

3
JCP = 7.3 Hz, CH PPh2 ortho, 2C); 

144.20 (d, 
3
JCP = 3.3 Hz, C

IV
 C-SO2); 145.99 (C

IV
, C-nBu). 

31
P{

1
H} NMR (121 MHz, CD2Cl2, 

300K): δ(ppm)= 19.47 (d, 
1
JPP = 277.9 Hz), -17.90 (d, 

1
JPP = 278.0 Hz). MS (FAB+) : m/z 

calcd. For C34H34O2NP2S ([M+H]
+
): 582.1786 ; obsd.: 582.1790; Anal. found (calcd.) for 

C34H34O2NP2S: C, 70.11 (70.21); H, 5.93 (5.72); N, 2.50 (2.41).  

Synthesis of 4-bromo-N-(1,1,2,2-tetraisopropyldiphosphanylidene) 

benzenesulphonamide 3: 

4-bromobenzene-1-sulphonamide (2 g, 8.47 mmol, 1 eq.) was dissolved 
in tetrahydrofuran (20 mL) and triethylamine (3.6 mL, 25.4 mmol, 3 
eq.) leading to a clear colourless solution. Commercial 
diisopropylchlorophosphine (2.95 mL, 18.5 mmol, 2.2 eq.) was added 
dropwise under strong magnetic stirring at room temperature. The 
suspension was left to stir for 2 days at room temperature. The 

suspension was then filtered under nitrogen atmosphere and the resulting clear solution was 
evaporated to a white solid. The solid was suspended in pentane (10 mL) and evaporated 
without heating means. This step was repeated once. The solid was dissolved in a minimum 
of dichloromethane (4 mL) and pentane (60 mL) was added causing a solid to form. The 
liquid was syringed out and the powder was washed twice with pentane (10 mL). Finally the 
product was dried under reduced pressure affording a white powder (isolate yield: 2.3 g, 
58%). 

1
H NMR (300 MHz, CD2Cl2, 300K): δ(ppm)= 7.87 – 7.30 (m, CHAr 4H), 2.72 (m, CH 

iPr, 2H), 2.49 (m, CH iPr, 2H), 1.63 – 0.97 (m, CH3, 24H). 
31

P{
1
H} NMR (121 MHz, CD2Cl2, 

300K): δ(ppm)= 50.39 (d, 
1
JPP = 329.5 Hz), -6.30 (d, 

1
JPP = 329.8 Hz). 

13
C NMR (75 MHz, 

CD2Cl2, 300K) δ(ppm) 17.50 (m, CH3 iPr, 4C); 21.09 (dd, 
2
JCP = 9.6 Hz, 

3
JCP = 7.9 Hz, CH3 iPr, 

2C); 22.33 (dd, 
1
JCP = 21.8 & 

2
JCP = 4.15 Hz, CH iPr, 2C); 23.15 (dd, 

2
JCP = 20.9 Hz, 

3
JCP = 6.9 

Hz, CH3 iPr, 2C); 28.86 (dd, 
1
JCP = 42.14 Hz, 

2
JCP = 6.9 Hz, CH iPr, 2C); 124.73 (C

IV
, C-Br); 

127.65 (CH Ar-SO2, 2C); 131.69 (CH Ar-SO2, 2C); 146.69 (C
IV

, C-SO2). Anal. found (calcd.) for 
C18H32BrNO2P2S: C, 46.11 (46.16); H, 6.98 (6.89); N, 3.01 (2.99). 
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Synthesis of 4-butyl-N-(1,1-diisopropyl-2,2-

diphenyldiphosphanylidene)benzenesulphonamide 4: 

4-butylbenzene-1-sulphonamide-bisphenyl-phosphine (1g, 4.68 
mmol, 1 eq.) was dissolved in tetrahydrofuran (20 mL) and 
triethylamine (1.3 mL, 9.36 mmol, 2 eq.) leading to a clear 
colourless solution. Commercial diisopropylchlorophosphine (0.746 
mL, 4.68 mmol, 1 eq.) was added dropwise under strong magnetic 
stirring at room temperature. The suspension was left to stir 10 min 
at room temperature. The suspension was then filtered under 
nitrogen atmosphere and the resulting clear solution was evaporated 

to an oil. Pentane (20 mL) was added to the oil under strong stirring then after decantation, 
the upper layer was syringed out. The oil was suspended in pentane (10 mL) and evaporated 
without heating means. This step was repeated once with pentane (10 mL) and twice with 
Et2O (10 mL). The combined increase in concentration and loss in temperature caused the 
product to precipitate. Pentane (20 mL) was added to wash the powder and was syringed out 
and the solvent vacuum dried affording a white solid (isolate yield: 808 mg, 34%).

1
H NMR 

(300 MHz, CD2Cl2, 300K): δ(ppm)= 7.98 – 7.83 (m, 4H, -PPh2), 7.76 – 7.64 (m,-CH2-Ar-
SO2, 2H), 7.60 – 7.35 (m, -PPh2, 6H), 7.23 – 7.12 (m, -CH2-Ar-SO2, 2H), 2.69 – 2.57 (t, 

3
JHH 

= 7.4 Hz, CH3-CH2-CH2-CH2-Ar, 2H), 2.44 (m, 2H, CH iPr), 1.69 – 1.48 (m, CH3-CH2-CH2-
CH2-Ar, 2H), 1.35 (m, CH3-CH2-CH2-CH2-Ar, 2H), 1.18 – 0.99 (m, CH3 iPr, 12H), 0.93 (t, 
3
JHH = 7.3 Hz, CH3-CH2-CH2-CH2-Ar, 3H). 

31
P{

1
H} NMR (121 MHz, CD2Cl2, 

300K): δ(ppm)= 20.13 (d, 
1
JPP = 311.6 Hz) ; 2.80 (d, 

1
JPP = 311.6 Hz). 

13
C NMR (75 MHz, 

CD2Cl2, 300K): δ(ppm)= 14.10 (CH3); 20.70 (dd, JCP = 10.6 & 9.2 Hz, CH3 iPr); 22.67 (CH2-
CH3); 22.75 (d, JCP = 3.0 Hz, CH iPr); 23.01 (CH iPr); 23.18 (dd, 

2
JCP= 18.1 Hz, 

3
JCP = 7.6 Hz, 

CH3 iPr) 33.86 (CH2-CH2-CH3); 35.77 (Ar-CH2); 126.02 (CAr-SO2, 2C); 128.63 (CAr-SO2, 2C); 
129.11 (d, 

3
JCP = 12.4 Hz, CH PPh2 meta, 2C); 130.78 (dd, 

1
JCP = 83.6, 

2
JCP = 9.7 Hz, C

IV
 PPh2 ipso, 

4C); 132.61 (dd, JCP = 9.4 & 6.0 Hz, CH PPh2 ortho/para, 6C); 144.60 (d, 
3
JCP = 4.9 Hz, C

IV
, C-

SO2); 146.15 (C
IV

, C-nBu). Anal. found (calcd.) for C28H37NO2P2S: C, 65.53 (65.48); H, 7.34 
(7.16); N, 2.60 (2.73).  

Synthesis of 4-butyl-N-(1,1-dicyclohexyl-2,2-

diphenyldiphosphanylidene)benzenesulphonamide 5: 

4-butylbenzene-1-sulphonamide-bisphenyl-phosphine (360 mg, 
0.91 mmol, 1 eq.) was dissolved in tetrahydrofuran (10 mL) and 
triethylamine (0.126 mL, 1.82 mmol, 2 eq.) leading to a clear 
colourless solution. Commercial dicyclohexylylchlorophosphine 
(0.200 mL, 0.91 mmol, 1 eq.) was added dropwise under strong 
magnetic stirring at room temperature. The suspension was left to 

stir 5 min at room temperature. The suspension was then filtered under nitrogen atmosphere 
and the resulting clear solution was evaporated to an oil. The oil was suspended in pentane 
(10 mL) and evaporated without heating means. This step was repeated once with pentane (10 
mL) and twice with Et2O (10 mL). The combined increase in concentration and loss in 
temperature caused the product to precipitate. Pentane (20 mL) was added to wash the 
powder and the powder was vacuum dried affording a white solid (isolate yield: 273 mg, 
51%). 

1
H NMR (300 MHz, CD2Cl2, 300K): δ(ppm)= 7.90 (dd, J = 12.5 and 7.6 Hz, PPh2, 

4H), 7.78 – 7.67 (dd, J = 8.4, 2.0 Hz, Ar-SO2, 2H), 7.61 – 7.40 (m, PPh2, 6H), 7.18 (dd, J = 
8.4 Hz and 2.0 Hz, Ar-SO2, 2H), 2.63 (t, JHH = 7.6 Hz, -CH2-Ar, 2H), 2.30 – 2.01 (m, Cy, 
2H), 1.81 (m, Cy, 2H), 1.73 – 1.49 (m, Cy, 8H), 1.73 – 1.49 (m, -CH2-CH2-Ar, 2H) 1.33 (dt, 
JHH = 16.3, 7.3 Hz, -CH2-CH2-CH2-Ar, 2H), 1.17 (m, Cy, 10H), 0.93 (t, JHH = 7.3 Hz, H3C-
CH2-CH2, 3H). 

31
P{

1
H} NMR (121 MHz, CD2Cl2, 300K): δ(ppm)= 20.44 (d, 

1
JPP = 314.9 

Hz), -4.98 (d, 
1
JPP = 314.4 Hz). 

13
C NMR (75 MHz, CD2Cl2, 300K): δ(ppm)= 4.08 (CH3); 

22.65 (CH2-CH3); 26.31 (d, JCP = 0.8 Hz, CH2 Cy, 2C); 27.47 (d, JCP = 8.9 Hz, CH2 Cy, 2C); 
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27.74 (d, JCP = 12.4 Hz, CH2 Cy, 2C); 30.88 (m, JCP = 8.9 Hz, CH2 Cy, 2C); 32.81 (dd, 
1
JCP = 

20.54 Hz, 
2
JCP = 2.91 Hz, CH-P Cy, 2C); 33.30 (dd, JCP = 15.8, J = 7.4 Hz, CH2 Cy, 2C); 33.88 

(-CH2-CH2-CH3); 35.71 (Ar-CH2-CH2); 126.02 (CHAr-SO2, 2C); 128.59 (CHAr-SO2, 2C); 129.03 
(d, 

3
JCP = 12.2 Hz, CHPPh2 meta, 4C); 131.30 (dd, 

1
JCP = 84.0 Hz, 

2
JCP = 9.2 Hz, C

IV
 PPh2 ispo, 2C); 

132.51 (d, 
4
JCP = 3.1 Hz, CH PPh2 para, 2C); 132.55 (dd, 

2
JCP = 9.8 & 

3
JCP =6.0 Hz, CH PPh2 ortho, 

4C); 144.76 (d, 
3
JCP = 5.0 Hz, C

IV
, C-SO2); 146.06 (s, C

IV
, C-nBu). MS (FAB+) : m/z calcd. 

For C34H34O2NP2S ([M+H]
+
): 594.2725 ; obsd.: 594.2732. Anal. found (calcd.) for 

C34H34O2NP2S: C, 68.76 (68.78); H, 7.73 (7.64); N, 2.38 (2.36). 

Synthesis of ligand iminophosphite-phosphine: 

Chiral metamorphos (ligand 2 of Chapter 2, 1.0 g, 1.6 
mmol, 1.0 eq.) was suspended in dry THF (20 mL). To 
this solution chlorodiisopropylphosphine (253 µL, 1.6 
mmol, 1.0 eq.) was added dropwise leading to a white 
precipitate and the suspension was stirred for 16 h at 
RT. The suspension was then filtered under argon 
atmosphere and the resulting clear solution was 
evaporated to white foam. The foam was submitted 
twice to co-evaporation with diethyl ether (2 x 5 mL) 

followed by twice with pentane (2 x 5 mL) to give a sticky solid. The solid was re-suspended 
in pentane (5 mL) and left in an ultrasonic bath for 10 min at RT and the solvent was co-
evaporated. The previous operation was repeated twice to give a solid which was washed with 
pentane (3 x 20 mL) and dried under vacuum to a white powder (isolated: 828 mg, 81 % 
yield). 

31
P{

1
H} NMR (121 MHz, CD2Cl2, 300K): δ (ppm): -2.77 (d, 

1
JPP = 350.1 Hz); 49.89 

(d, 
1
JPP = 350.2 Hz); 

31
P NMR (121 MHz, CD2Cl2, 300 K): δ (ppm): -2.78 (br d 

1
JPP = 350.1 

Hz); 49.88 (ddd, 
1
JPP = 350.1 Hz, 

x
JPH =21.2 Hz, 

x
JPH = 16.3 Hz).

 1
H NMR (300 MHz, 

CD2Cl2, 300K): δ (ppm): 0.86 (t, 
3
JHH = 7.2 Hz, -CH3, 3H); 1.05-1.50 (m, CH3-CH2-CH2-

CH2-Ar and CH3 iPr, 16H); 2.30-2.53 (m, Ar-CH2- and CH iPr, 3H); 2.74 (m, CH iPr, 1H); 6.76 
(d,

 3
JHH = 8.3 Hz, CHAr, 2H); 7.20-7.41 (m, CHbinol, 4H); 7.37 (d, 

3
JHH = 8.4 Hz, CHAr, 2H); 

7.43-7.60 (m, CHbinol, 4H); 7.84-8.10 (m, CHbinol, 4H). MS(FAB
+
): m/z calcd. for 

C36H39NO4P2S ([MH]
+
): 644.2153; obsd. 644.2156. 

4.3 Complex synthesis 

Synthesis of nickel (II) dichloride (1,2-bis(diphenylphosphino)ethane): 

NiCl2(DPPE):  

To a suspension of nickel (II) chloride dimethoxyethane adduct (325 mg, 
1.48 mmol, 1 eq.) in dichloromethane (50 mL) was added a solution of 
1,2-bis(diphenylphosphino)ethane (653 mg, 1.64 mmol, 1.1 eq.) 
dissolved in dichloromethane (20 mL). The mixture was stirred 
overnight at RT to give a red precipitate. The solvents are evaporated 
under reduced pressure and the powder was washed with pentane (3x 20 
mL) and dried under vacuum to give a dark red solid (isolate yield: 444 
mg, 54%,). 

1
H NMR (300 MHz, CD2Cl2, 300K): δ(ppm)= 2.15 (t, 

3
JPP = 

18 Hz, -CH2-, 4H); 7.50-7.63 (m, 12 HAr); 7.90-8.02 (m, CHPPh2 8H). 
31

P{
1
H} NMR (121 

MHz, CD2Cl2, 300K) δ(ppm) 57.55 (s). 
13

C NMR (75 MHz, CD2Cl2, 300K) δ(ppm) 28.17 (t, 
1
JCP = 25 Hz, CH2, 2C); 128.90 (t, 

1
JCP = 25 Hz, C

IV
 PPh2, 4C); 129.37 (t, 

3
JCP = 5.4 Hz, CH PPh2 

meta, 8C); 132.25 (s, CHPPh2 para, 4C); 134.05 (t, 
2
JCP = 4.7 Hz, CH PPh2 ortho, 8C). 
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Synthesis of nickel (II) dibromide (1,2-bis(diisopropylphosphino)ethane): 

NiCl2(DPiPrE): 

To a suspension of nickel (II) bromide dimethoxyethane adduct (324 
mg, 1.05 mmol, 1 eq.) in dichloromethane (20 mL) was added 
commercial 1,2-bis(diisopropylphosphino)ethane (300 mg, 1 mmol, 
1.1 eq.). The insoluble mixture was stirred for 16 h after which the 
solvent was evaporated under vacuum. The resulting powder was 
washed with pentane (4 x 10 mL) to get rid of the excess ligand and 
the DME. The resulting powder was dried under vacuum. Isolate 
yield: 360 mg, 75%. The product was conform to the litterature.

[46] 

1
H NMR (300 MHz, CD2Cl2, 300K) overlapping signals of CH2 and iPr; 

31
P{

1
H} NMR (121 

MHz, CD2Cl2, 300K) δ(ppm) 95.37 (s). 
13

C NMR (75 MHz, CD2Cl2, 300K) δ(ppm) 18.89 (s, 
-CH3); 20.90 (s, -CH3); 21.68 (t, 

1
JCP = 19.3 Hz, -CH2); 28.08 (t, 

1
JCP = 13.4 Hz, CH iPr). Anal. 

found (calcd.) for C14H32Br2NiP2: C, 34.87 (34.97); H, 6.78 (6.71).
 

Synthesis of nickel (II) dibromide (1,2-bis(dicyclohexylphosphino)ethane): 

NiCl2(DPCyE): 

To a suspension of nickel (II) bromide dimethoxyethane adduct (322 
mg, 1.04 mmol, 1.1 eq.) in dichloromethane (20 mL) was added 
commercial 1,2-bis(dicyclohexylphosphino)ethane (400 mg, 0.946 
mmol 1 eq.). The mixture turned brown red after a few seconds and the 
solid was consummed. After 10 min, the mixture was passed through a 
syringe filter and the red solution evaporated under reduced pressure. 
The orange solid formed was washed with 3 x 10 mL of pentane. The 
solid was then dried under vacuum to yield 440 mg of an orange powder 

(isolate yield: 73%). 
1
H NMR (300 MHz, CD2Cl2, 300K) overlapping signals of CH2 and Cy. 

31
P{

1
H} NMR (121 MHz, CD2Cl2, 300K) δ(ppm) 88.84 (s). 

13
C NMR (75 MHz, CD2Cl2, 

300K) δ(ppm) 22.68 (t, 
1
JCP = 19.3 Hz, CH2). 26.29 (s, Cy); 27.24 (t, JCP = 4.8 Hz, Cy); 27.58 

(t, JCP = 6.57 Hz, Cy); 29.59 (t, JCP = 1.88 Hz, Cy); 30.75 (s, Cy); 37.69 (t, JCP = 12.78 Hz, 
Cy). 

Synthesis of complex 6: 

4-bromo-N-(1,1,2,2-tetraphenyldiphosphanylidene)benzene 
sulphona-mide (ligand 1, 200 mg, 0.331 mmol, 1.01 eq.) and 
nickel (II) bromide dimethoxyethane adduct (101 mg, 0.327 
mmol, 1 eq.) were suspended in toluene (3 mL). The mixture was 
stirred at 60°C until complete consumption of nickel (II) bromide 
dimethoxyethane adduct. A solid formed and the liquid was 
syringed out. The precipitate was washed 3 times with pentane (5 

mL) and dried under reduced pressure to yield a reddish brown solid (isolate yield: 215 mg, 
80%). Crystals suitable from diffraction were obtained by slow diffusion of pentane in a 
dichloromethane/toluene solution of the product 

1
H NMR (300 MHz, CD2Cl2, 300K): 

δ(ppm)= 8.16 (m, PPh2, 8H), 7.76 (t, J = 7.3 Hz, CH PPh2 para, 4H), 7.59 (m, PPh2, 8H), 7.06 (d, 
3
JHH = 8.2 Hz, -Ar-SO2, 2H), 6.18 (d, 

3
JHH = 8.5 Hz, -Ar-SO2, 2H). 

31
P{

1
H} NMR (121 MHz, 

CD2Cl2, 300K): δ(ppm)= 65.52. 
13

C NMR (75 MHz, CD2Cl2, 300K): δ(ppm)= 125.46 (t, 
1
JCP 

= 26.5 Hz, C
IV

, CPPh2 ipso, 4C); 125.63 (C
IV

, C-Br); 128.81 (CHArSO2, 2C); 129.50 (CHAr meta, 
8C); 132.50 (CHArSO2, 2C); 134.20 (CHAr para, 4C); 135.11 (CHAr ortho, 8C); 137.8 (C

IV
, C-SO2). 

MS(FAB
+
): m/z calcd. for C30H24NO2P2Br2SNi ([M- HBr]

+
): 741.8701; obsd.: 741.8702. 
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Synthesis of complex 7: 

4-butyl-N-(1,1,2,2-
tetraphenyldiphosphanylidene)benzenesulphona-mide (ligand 2, 
200 mg, 0.344 mmol, 1 eq.) and nickel (II) bromide 
dimethoxyethane adduct (106 mg, 0.344 mmol, 1 eq.) were 
suspended in benzene (2 mL). The mixture was stirred at 65°C 
until complete consumption of nickel (II) bromide 
dimethoxyethane adduct (1h). A solid formed and the liquid was 

syringed out. The precipitate was washed 3 times with pentane (3 x 5 mL) and dried under 
reduced pressure to yield a brown solid (isolate yield: 188 mg, 68%). 

1
H NMR (300 MHz, 

CD2Cl2, 300K): δ(ppm)= 8.91 – 5.91 (m, HAr, 24H), 2.72 – 2.24 (m, CH3-CH2-CH2-CH2-CAr, 
2H), 1.51 (m, CH3-CH2-CH2-CH2-CAr, 2H), 1.31 (m, CH3-CH2-CH2-CH2-CAr, 2H), 0.95 (m, 
CH3-CH2-CH2-CH2-CAr 3H). 

31
P{

1
H} NMR (121 MHz, CD2Cl2, 300K): δ(ppm)= 64.07. 

13
C 

NMR (75 MHz, CD2Cl2, 300K): δ(ppm)= 13.94 (-CH3); 22.59 (-CH2-CH3); 33.38 (-CH2-
CH2-CH3); 35.69 (Ar-CH2-); 125.58 (t, 

1
JCP = 26.7 Hz, C

IV
, CPPh2 ipso); 127.44 (CHAr-SO2, 2C); 

129.24 (CHAr-SO2, 2C); 129.31 (t, 
3
JCP = 6.1 Hz, CHPPh2 meta, 8C); 133.98 (br. s., CHpara, 4C); 

135.05 (t, 
2
JCP = 6.0 Hz, CHPPh2 ortho); 135.94 (C

IV
, C-nBu); 150.76 (C

IV
 , C-SO2). Anal. found 

(calcd.) for C34H33Br2NNiO2P2S: C, 51.22 (51.04); H 4.23 (4.16); N 1.69 (1.75). 

Synthesis of complex 8: 

4-bromo-N-(1,1,2,2-
tetraisopropyldiphosphanylidene)benzenesulpho-namide (ligand 
3, 200 mg, 0.427 mmol, 1.01 eq.) and nickel (II) bromide 
dimethoxyethane adduct (130 mg, 0.422 mmol, 1 eq.) were 
suspended in toluene (3 mL). The mixture was stirred at 60°C 
until complete consumption of nickel (II) bromide 
dimethoxyethane adduct. A solid formed and the liquid was 
syringed out. The precipitate was washed 3 times with pentane (3 

x 5 mL) and dried under reduced pressure to yield a reddish solid (isolate yield: 174 mg, 
57%). 

1
H NMR (300 MHz, CD2Cl2, 300K): δ(ppm)= 7.97 – 7.57 (m, 4H, Ar-SO2), 2.82 (sept, 

CH iPr 
3
JHH = 7.0 Hz, 4H), 1.97 – 1.02 (m, CH3 iPr, 24H). 

31
P{

1
H} NMR (121 MHz, CD2Cl2, 

300K): δ(ppm)= 111.26. 
13

C NMR (75 MHz, CD2Cl2, 300K): δ(ppm)= 19.82 (d, 
2
JCP = 84.82 

Hz, CH3 iPr, 8C); 31.29 (m, CH iPr, 4C); 125.27 (C
IV

, C-Br); 129.73 (CH Ar-SO2, 2C); 133.84 
(CH Ar-SO2, 2C); 138.41 (C

IV
, C-SO2). Anal. found (calcd.) for C18H32Br3NNiO2P2S: C, 31.46 

(31.48); H, 4.87 (4.70); N 1.91 (2.04). 

Synthesis of complex 9: 

4-butyl-N-(1,1-diisopropyl-2,2-
diphenyldiphosphanylidene)benzene-sulphonamide (ligand 4, 
400 mg, 0.786 mmol, 1 eq.) and nickel (II) bromide 
dimethoxyethane adduct (266 mg, 0.864 mmol, 1.1 eq.) were 
dissolved in dichloromethane (20 mL) and stirred for 5 min at 
RT. The red solution was passed through a glass filter and the 
filtrate evaporated to dryness. The solid was washed 3 times with 

pentane (10 mL) and dried under reduced pressure to afford a red powder (isolate yield: 350 
mg, 61%). Crystals suitable from diffraction were obtained by slow diffusion of pentane in a 
dichloromethane/toluene solution of the product. 

1
H NMR (300 MHz, CD2Cl2, 300K): 

δ(ppm)= 8.77 – 6.21 (m, CHAr, 14H), 3.29 (m, 4H, CH3-CH-CH3 and –CH2-Ar), 2.43 (m, 
CH2-CH2-Ar, 2H), 1.66 – 1.00 (m, CH3-CH-CH3 and CH3-CH2-CH2-CH2-Ar, 14H), 0.78 (t, 
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3
JHH = 7.8 Hz, CH3-CH2-CH2-CH2-Ar, 3H). 

31
P{

1
H} NMR (121 MHz, CD2Cl2, 300K): 

δ(ppm)= 117.10 (d, 
2
JPP = 119.6 Hz), 61.16 (d, 

2
JPP = 121.4 Hz). 

13
C NMR (75 MHz, CD2Cl2, 

300K): δ(ppm)= 13.78 (-CH3 nBu); 18.15 (d, 
2
JCP = 3.0 Hz, CH3 iPr, 2C); 18.46 (d, 

2
JCP = 2.0 

Hz, CH3 iPr, 2C); 22.33 (-CH2-CH3); 29.62 (d, 
2
JCP= 16.8 Hz, CH iPr,,2C); 33.23 (-CH2-CH2-

CH3); 35.66 (Ar-CH2); 126.57 (d, 
1
JCP = 53.2 Hz, C

IV
 PPh2 ipso, 2C); 127.93 (CHAr-SO2, 2C); 

133.68 (d, 
4
JCP = 3.0 Hz, CH PPh2 para, 2C); 135.46 (d, 

2
JCP = 12.6 Hz, CH PPh2 ortho, 4C); 136.05 

(C
IV

, C-nBu); 151.64 (C
IV

, C-SO2). Anal. found (calcd.) for C28H37Br2NNiO2P2S: C, 45.89 
(45.94); H, 4.96 (5.09); N, 1.86 (1.91). 

Synthesis of complex 10: 

4-butyl-N-(1,1-dicyclohexyl-2,2-
diphenyldiphosphanylidene) benzenesulphonamide (ligand 
5, 98 mg, 0.165 mmol, 1.02 eq.) and nickel (II) bromide 
dimethoxyethane adduct (50 mg, 0.162 mmol, 1 eq.) were 
dissolved in dichloromethane and stirred for 2 h at RT. The 
red solution was passed through a glass filter and the filtrate 
evaporated to dryness. The solid was washed 3 times with 

pentane (5 mL) and dried under reduced pressure to afford a red powder (isolate yield: 73 mg, 
54%). Crystals suitable from diffraction were obtained by slow diffusion of pentane in a 
dichloromethane/toluene solution of the product. 

31
P{

1
H} NMR (121 MHz, CD2Cl2, 300K): 

δ(ppm)= 108.15 (d, 
2
JPP = 118.6 Hz), 60.28 (d, 

2
JPP = 119.2 Hz). 

13
C NMR (75 MHz, CD2Cl2, 

300K): δ(ppm) 13.93 (-CH3); 22.64 (-CH2-CH3); 25.94 (CH2 Cy, 2C); 26.87 (d, JCP = 12.5 Hz, 
CH2 Cy, 2C); 27.22 (d, JCP=13.4 Hz, CH2 Cy, 2C); 28.57 (CH2 Cy, 2C); 28.88 (d, JCP = 4.0 Hz, 
CH2 Cy, 2C); 33.43 (-CH2-CH2-CH3); 35.87 (Ar-CH2-); 38.77 (d, JCP=15.2 Hz, CH Cy, 2C); 
126.96 (d, 

1
JCP=53.9 Hz, C

IV
 PPh2 ipso, 2C); 128.15 (CHAr-SO2, 2C); 128.92 (d, 

3
JCP = 12.5 Hz, 

CHPPh2 meta, 4C); 129.94 (CHAr-SO2, 2C); 133.78 (d, 
4
JCP = 2.9 Hz, CH para, 2C); 135.68 (d, 

2
JCP 

= 12.5 Hz, CH ortho, 4C); 136.61 (C
IV

, C-nBu); 151.74 (C
IV

, C-SO2). MS(FAB
+
): m/z calcd. 

for C34H45Br2NO2P2SNi ([M]
+
) : 811.0354; obsd.: 811.0337. Anal.: found (calcd.) for 

C34H45Br2NO2P2SNi: C, 47.23 (50.28); H, 5.90 (5.58); N, 1.64 (1.72) probably traces of 
solvent. 

Crystal structures 

CCDC 980069 (compound 1), 980681 (4), 980070 (6), 980071 (9), and 980072 (10) contain 

the supplementary crystallographic data. 

4.4 Catalytic reactions procedures 

1.1.1. Procedure for the nickel-catalysed oligomerisation of ethylene / 
MAO 

The reactor of 250 mL was dried under vacuum at 100°C for 2 hours and then pressurised at 5 
bar with ethylene. The reactor was cooled down at room temperature and the ethylene was 
evacuated, leaving a slight over pressure inside the reactor. Toluene (43 mL) was injected to 
the reactor and either heated to 45°C or cooled to 10 °C (for tests at 30°C) under stirring. 
When the temperature inside the reactor was stabilised, stirring was stopped, the toluene 
solution of catalyst (10 µmol, 5 mL) was injected, followed by MAO (10% in toluene, 2 mL, 
300 eq). Then the reactor was filled with 30 bar of ethylene pressure (ca. 8.3 g) and magnetic 
stirring was started (t=0). The reaction ran for 1h or shorter for very active systems at the 
desired temperature. The pressure was kept by connecting the reactor to an ethylene ballast by 
using a manometer (grove) and the ethylene uptake was monitored by mass difference of the 
ballast on a balance. The reaction was stopped by closing the ethylene supply and cooling the 
reactor to 25°C with moderate stirring. The gas phase was evacuated, quantified (flow meter) 
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and collected in 30L plastic drum by water displacement (stirring the liquid phase was 
necessary). The drum was shaken with residual water to homogenise the gas phase and it was 
injected in GC. The reactor was opened, the liquid phase transferred by pipette to a glass 
bottle and neutralised with 20% aqueous H2SO4. The toluene phase was weighted and 
injected in GC. 

1.1.2. Procedure for the nickel-catalysed oligomerisation of propylene / 
MAO 

The reactor of 250 mL was dried under vacuum at 100°C for 2 hours, cooled at 10°C then 
filled with propylene slightly over atmospheric pressure (1.4 bar). Chlorobenzene (33.0 mL) 
and n-heptane (10.0 mL, internal standard accurately weighed) were introduced, followed by 
propylene (4.0 g). The MAO (1.5 M in toluene, 300 eq., 2.0 mL) was then injected followed 
by the precatalyst (0.10 mmol in 5.0 mL chlorobenzene). After that, propylene (16.0 g) was 
introduced, the uptake closed and stirring is started (t=0 min). The temperature was 
maintained at 10°C for 10 min and then was gradually brought to 45°C. Consumption of the 
propylene was followed by the reduction of the pressure inside the reactor. Sampling was 
performed for the reference complex NiCl2(PCy3)2 after 10 and 30 minutes. After 110 min, 
the reaction was stopped, the reactor cooled to 25°C under moderate stirring, residual 
pressure was evacuated and the reactor was opened. The liquid phase was then drawn off and 
neutralised with 20% aqueous H2SO4. The resulting organic phase was weighted and analysed 
by GC apparatus equipped with a cryostat. The conversion was measured as the ratio of the 
mass of products formed (based on the internal standard) on the mass of propylene 
introduced. 

1.1.3. Procedure for the oligomerisation of ethylene with chromium / 

MAO 

The reactor of 250 mL was dried under vacuum at 100°C for 2 hours and then filled at room 
temperature with ethylene at atmospheric pressure (1.4 bar). A mixture of Cr(acac)3 (19.2 mg, 
55 mmol, 1 eq.) or CrCl3(THF)3 (20.6 mg, 55 mmol, 1 eq.) and ligand (110 mmol, 2.0 eq.) 
were suspended in toluene (50 mL) and stirred for 10 min at RT. A part of this solution was 
injected in the reactor (3 mL, 3.3 µmol Cr, 6.6 µmol ligand) followed by introduction of 
methylaluminoxane (MAO, 0.7 mL, 10% in toluene, 300 eq.). The temperature and pressure 
were set to 45°C and 35 bars. The reaction was started by stirring and was stopped after 60 
min. The reactors were cooled down to room temperature and the gas phase evacuated under 
stirring. The liquid was neutralised with 20 % aqueous H2SO4 and the organic phase analysed 
by GC. 

Approach of supposed chromium complexes synthesis: CrCl3(THF)3 (10 µmol, 1 eq.) and the 
iminobisphosphine (10 µmol, 1 eq.) were dissolved in 5 mL of THF. The mixture was stirred 
for 10 min at room temperature, and then the mixture was heated to 60°C leading to a blue 
silvery solid that crashed out. No further details could be recovered from the complexes due 
to the low solubility and paramagnetic nature of these complexes. 
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