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ABSTRACT: A family of L2Ni(ORF)2 (L2 : (Cy3PO)2 6, dcpmS 7, dppf 11, bipyMe2 12 ; RF=C(CF3)3) complexes is synthesized via 

selective substitution of two equivalents of (DME)NaORF from the homoleptic [Ni(ORF)4][Na(DME)]2 complex 1, all characterized by 
19F, 1H NMR and SCXRD analyses as well as elemental analyses. These L2Ni(ORF)2 precursors, activated by two equivalents of 

PhF→Al(ORF)3, were active in ethylene oligomerization with selectivity towards butenes up to 97% and activities ranging from 10 to 50 

kgC2H4.gNi.h
-1. Mechanistic investigations, involving experiments with C2H4/C2D4 (1/1) coupled with GC-MS analysis, revealed the for-

mation of a Ni-H fragment in the catalytic process. The L2Ni(ORF)2/2PhF→Al(ORF)3 catalytic system thus dimerizes ethylene through a 

Cossee-Arlman mechanism.  

 

INTRODUCTION 

Linear alpha olefins (LAOs) represent an important market, 

with an annual production estimated at 6.2 million tons in 2018.1 

Depending on their alkyl chain length, LAOs can be used as 

starting materials in various applications such as comonomers in 

the polymer industry, detergents, surfactants or lubricants. 

  

Scheme 1 – Cossee-Arlman mechanism. 

Catalytic ethylene oligomerization represents a major access 

to such molecules containing an even number of carbon atoms. 

Homogeneous catalysis has been very successful, although ob-

taining a high selectivity in the oligomers remains challenging. 

Two mechanisms, the “Cossee-Arlmann” mechanism (Scheme 

1)2 and the “metallacyclic” mechanism (Scheme 2),3 promote the 

oligomerization process. The first pathway is known to involve 

a metal-hydride/alkyl bond while the second needs a metallic 

fragment able to promote oxidative coupling of two ethylene 

molecules. Amongst the different metal used,4–6 nickel based-

catalysts certainly took part in one of the success stories in this 

domain, i.e. the SHOP process.7,8 Since then, many other Ni-cat-

alysts have been developed.9 

 

Scheme 2 – Metallacyclic mechanism. 

Up-to-now, the limited selectivity observed with nickel-based 

catalysts is mainly rationalized through a Cossee-Arlman mech-

anism with the active species featuring a Ni-H or Ni-C bond.9,10 

Nonetheless, only few nickel catalysts have been reported to be 

highly selective in ethylene dimerization to butenes/1-butene.11–

17 In these cases, the precise mechanism has not been studied. 

Yet, in general, catalysts that follow a metallacyclic mechanism 

are known to be much more selective towards a unique 1-al-

kene,18–25 Moreover, it has been shown that nickel was able, with 

activated alkenes such as tetrafluoroethylene (TFE), norbornadi-

ene or dimethylcyclopropene, to achieve an oxidative coupling 

to reach metallacyclic complexes (Scheme 3, top).26–28 In addi-

tion, Grubbs showed that butenes can be obtained from a mixture 

of (Cy3P)2NiCl2 and 1,4-dilithiobutane, through the proposed de-

composition of the nickellacyclopentane.29 Binger reported few 

years after that an isolated nickellacycle yielded 1-butene upon 

heating at 165°C (Scheme 3, down).30 
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Scheme 3 – Top: isolated nickellacycles after oxidative cou-

pling. Down: formation of 1-butene from the decomposition 

of nickellacyclopentane. 

In 2015, Ogoshi and co-workers reported the first example of 

co-oligomerization of ethylene and TFE with a nickel complex 

going through a metallacycle.31 They showed that a metallacyclic 

intermediate was not accessible from (Ph3P)2Ni(C2H4) and eth-

ylene. But when adding TFE on (Ph3P)2Ni(C2H4), the oxidative 

coupling was accessible (Scheme 3) due to electronic properties 

of TFE. When the nickellacycle (Ph3P)2Ni(CF2CF2CH2CH2) was 

placed under an ethylene atmosphere in C6D6 the production of 

tetrafluoro-1-hexene was observed (Scheme 4) and proved to re-

sult from a metallacylic pathway. 
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Scheme 4 – Synthesis 5,5,6,6-tetrafluoro-1-hexene through a 

metallacyclic isolated intermediate. 

In 2013, Le Floch, Adamo and co-workers reported a theoret-

ical study focusing on their highly selective nickel catalyst 

(butenes, 97%).12,32 They considered the two possible mecha-

nisms for ethylene oligomerization and showed that both were 

compatible with the observed selectivity. Importantly, they high-

lighted that oxidative coupling was not kinetically accessible 

starting from [(P,N)Ni(C2H4)2]
n+ with n=0 or 1, but accessible 

from a dicationic nickel (II) complex (Scheme 5, P,N=phos-

phino-iminophosphorane ligand). 
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Scheme 5 – Theoretical studies on the accessibility of [nickel-

lacycle](n+2)+ starting from a bis ethylene Nin+ fragment. 

P,N=phosphino-iminophosphorane ligand.32 

Several dicationic nickel complexes are already reported in lit-

erature.33–37 However, they are stabilized by at least four strongly 

donating ligands, prohibiting ethylene coordination. 

Inspired by these results, our goal was to synthesize a family 

of stable Ni complexes, able to generate the corresponding dica-

tionic nickel fragment [(L2)Ni]2+,2X- upon activation. As this hy-

pothetical species is expected to be highly Lewis acidic, careful 

choice of the counter ion was mandatory. The aluminate counter-

anion [Al(ORF)4]
- (RF=C(CF3)3), reported to be one of the most 

weakly coordinating counter-anion in literature38 and proton-free 

(avoid β-H at Ni),39 appeared to be an excellent candidate for our 

purposes. We hypothesized that such [Al(ORF)4]
- could be gen-

erated in situ via the abstraction of ORF- from the [(L2)Ni(ORF)2] 

precursor using the highly Lewis acidic (PhF)Al(ORF)3 deriva-

tive reported by Krossing in 2008.40 This strategy thus relied on 

a convenient access to a family of [(L2)Ni(ORF)2] complexes, 

two examples of which being known (L = PPh3, Ph3PO).41  

We wish here to present first a new synthetic pathway to ac-

cess L2Ni(ORF)2 complexes from a “Ni(ORF)2” precursor. Sec-

ondly, we report the reactivity of L2Ni(ORF)2/n Al(ORF)3 (n=1, 

2, 4) systems under ethylene (Scheme 6), and demonstrate effi-

cient oligomerization process, to form butenes and hexenes mix-

tures with selectivities in butenes in the 80-95% range. Isomeri-

zation of 1-butene to 2-butene was observed. This prompted an 

in-depth mechanistic study, which supports the formation of a 

“Ni-H” intermediate in the catalytic process.  
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Scheme 6 – (a) Homoleptic monomeric alkoxy nickel com-

plexes and their use in bis-alkoxy nickel synthesis in this 

work. (b) Dimerization of ethylene with 

L2Ni(ORF)2/Al(ORF)3 systems. RF=C(CF3)3. 

 

RESULTS AND DISCUSSION 

[Ni(ORF)4]2- synthesis 

Several attempts to reach bis-alkoxy nickel complexes 

[(L)Ni(ORF)2] have been made. The reaction between Cp2Ni and 

an excess of perfluoro alcohol42 and phosphine ligands (Ph3P, 

Cy3P) did not give expected results. Similarly, halogen substitu-

tion of chlorine from NiCl2 complexes ((dcpp)NiCl2, 

(Cy3P)2NiCl2) with different MORF salts (M=Li, Na, Ag), only 

led to mixtures of complexes that could not be separated.  

The reaction between (DME)NiBr2 and NaORF in DCM 

proved much more rewarding (Figure 1, top). Indeed, a deep blue 

solution was obtained after 4h at RT, while two different solids 

(white and yellow) precipitated from the solution, presumably 

NaCl and NiBr2 respectively. The 19F NMR of the crude mixture 

showed a major singlet at -35ppm, quite downfield shifted from 

free ORF- (singlet around -70 to -75ppm)43–46 attesting the coor-

dination to a paramagnetic Ni(II) center. After workup to elimi-

nate the solids, followed by evaporation, a deep blue solid was 

obtained. Deep blue crystals were obtained from a saturated pen-

tane solution at 5°C. The X-ray structure analysis of 1 is shown 

in Figure 1 (bottom). It confirmed the formation of the homolep-

tic dianionic [Ni(ORF)4]
2- nickel complex. Each ORF- acts as 

bridging ligand between the Ni and Na centers. The anionic 

charges are compensated by two Na cations stabilized by DME 

molecules that can be observed in 1H NMR as four broad signals 

at -5.8 (CH3), -4.4 (CH3), +6.0 (CH2) and 10.5ppm (CH2).  

Ni-O bond length of complex 1 are 1.950(1) and 1.963(1)Å 

long, showing elongated sigma bonds (see ESI). The geometry 

of the [Ni(ORF)4]
2- is identical to the one reported by Doerrer for 

[Ni(ORF)4]K2 complex.42 Complex 1 has a geometry at Ni be-

tween trigonal pyramidal and seesaw (O1-Ni-O2 = 116.45(4)°; 

τ4=0.74).47 The distorted geometry can be explained by the weak 

interaction with four fluorine atoms (Ni-F=2.932(1)Å and 

3.009(1)Å), the bulkiness of the ORF moieties and the presence 

of sodium cation in the structure. Each sodium cation appears to 

be hexacoordinated. It is being stabilized by four oxygen atoms 

(all Na-O bond range between 2.323(1) and 2.379(1)Å): two 

from ORF moieties, and two from DME ligand, as well as two F 

atoms of the ORF ligands. The Na-F distances (2.748(1) and 



 

2.762(1)Å) are significantly longer than similar interaction re-

ported by Miller (Na-F = 2.612(2)Å).48 

  

Figure 1  – Top : synthesis of complex 1. Bottom: molecular struc-

ture of 1 in crystalline state. Thermal ellipsoids are drawn at 50% 

probability and F atoms are omitted for clarity. Distances [Å] and 

angles [°]: Ni-O1 : 1.9498(8) ; Ni-O2 : 1.9630(9) ; Na-O1 : 

2.3297(10) ; Na-O3 : 2.3789(12) ; O1-Ni-O2 : 116.45(4) ; O1-Ni-

O1’ : 124.78(5) ; O2-Ni-O2’ : 131.54(6). 

In solution, this complex appears to be in equilibrium with 

other species, the amount of which depends on DME, THF (from 

the NaORF reactant) and NaORF. Indeed, crystals dissolved in 

the DCM or o-DFB present minor signals (below 5% level) of 

one other ORF moiety.  This is however not an issue since after 

addition of ligands, only one compound is obtained (vide infra). 

Complex 1 is stable only in non-coordinating solvent (DCM, o-

DFB, toluene, benzene, pentane). The use of coordinating sol-

vents (such as THF or acetonitrile CH3CN) did result in for-

mation of mixtures of new complexes according to 19F NMR 

spectroscopy (complete conversion in CH3CN and partial con-

version in THF). These results were highly positive as they 

clearly suggested that the ORF- ligands in the Ni(ORF)4
2- complex 

would be readily substituted by  donating ligands. 

Bis-alkoxy nickel complexes 

Synthesis 

We thus started the ligand substitution study by phosphine lig-

ands. Two equivalents of Cy3P were added to 1. In DCM, the 

formation of (Cy3P)2NiCl2 was evidenced by crystallization over 

one day, showing the unexpected full substitution of the ORF- 

ligands, with chloride ligands obviously coming from the sol-

vent. When o-DFB is used as a solvent, a purple solution was 

obtained instantaneously. No signals were observed in the 31P 

NMR, attesting the coordination of Cy3P to a paramagnetic Ni 

center. This was corroborated by 19F NMR spectroscopy with the 

appearance of one singlet at -75ppm corresponding to the release 

of (DME)NaORF, and one singlet at -24 ppm, corresponding to 

the desired paramagnetic complex (Cy3P)2Ni(ORF)2 2. 

Scheme 7 – Synthesis of 2 by addition of 2 Cy3P on 1 and its 

reactivity with traces of O2 to reach 3. Workup = precipita-

tion with pentane then filtration. 

This complex proved however unstable. Indeed, a new signal 

at -17 ppm after workup appeared, and increased slowly at the 

expense of the signal at -24 ppm. The reaction was repeated and 

the formation of the new compound was followed by 19F NMR 

(see ESI, figure S13). Over one week without workup, the com-

plex featuring the signal at -17ppm had become the major com-

pound. Single crystals were grown from a concentrated solution 

of o-DFB of this mixture. The X-ray structure analysis is 

disordered but clearly showed the presence of one oxidized phos-

phine Cy3PO as well as a Cy3P ligand both coordinated on Ni 

center (see ESI). The formula of the obtained crystalized com-

plex can thus be written as (Cy3P)(Cy3PO)Ni(ORF)2 3. The ex-

periment was repeated several times with increased efforts to 

prevent O2 (thorough degassing) or H2O contamination, yet iden-

tical results were observed. We believe this oxidation to be fa-

vored by the bulkiness of the Cy3P phosphine49 which prevents a 

strong coordination to the rather bulky Ni(ORF)2 moiety. The 

partial oxidation of the phosphine allows the strain relief and 

leads to a more stable complex (Scheme 7). 

 

Figure 2 - Molecular structure of 4 in crystalline state. Thermal el-

lipsoids drawn at 50% probability, cyclohexyl groups simplified, H 

and disordered atoms omitted. Distances [Å] and angles [°] : Ni-O1 

= Ni-O2 : 1.9570(7) ; Ni-O3 : 1.9187(7) ; Ni-O4 : 1.9188(7) ; P1-O1 : 

1.5079(7) ; O1-Ni-O2 : 110.12(5) ; O3-Ni-O4 : 142.95 (5). 

As phosphine oxides appeared to be good ligands for the 

“Ni(ORF)2” fragment, we studied the coordination of Cy3PO. 

Two equivalents of Cy3PO were added to a solution of complex 

1 in o-DFB at RT, which gave a deep blue solution instantane-

ously. The release of (DME)NaORF and formation of a new com-

plex was observed by 19F NMR as well as the formation of a new 

paramagnetic complex (δ = -11 ppm). No signal was observed in 

the 31P NMR which confirmed the coordination of Cy3PO on Ni. 

Single crystals were grown from a saturated solution of pen-

tane/o-DFB at -35°C, and (Cy3PO)2Ni(ORF)2 complex 4 was iso-

lated in 92% yield. Its 3D structure is presented on Figure 2. 

 

Figure 3 - Molecular structure of 5 in crystalline state. Thermal el-

lipsoids drawn at 50% probability cyclohexyl groups simplified, H 

and disordered atoms omitted.  Distances [Å] and angles [°] : Ni-

O1 : 1.8828(12) ; Ni-O2 : 1.9199(13) ; Ni-S1 : 2.3202(5) ; Ni-S2 : 

2.3275(5) ; P1-S1 : 1.9864(6) ; O1-Ni-O2 : 130.54(6) ; S1-Ni-S2 : 

105.36(2). 

Coordination of weaker ligands featuring P=S bonds was stud-

ied. If the coordination of monodentate Cy3PS on 1 did not occur, 

as shown by 31P NMR, the one of the bidentate ligand bis-(dicy-

clohexylphosphino)-methane disulfide (dcpmS) readily oc-

curred. Indeed, when adding this bidentate PS ligand to complex 



 

1, a change of color to deeper blue was noticed instantaneously. 

The lack of 31P NMR signal pointed again the formation of a par-

amagnetic complex 5. XRD analysis on single crystals grown 

from a saturated pentane/o-DFB at -35°C solution (Figure 3) 

proved the synthesis of the desired (dcpmS)Ni(ORF)2 complex 

(88% yield). 

In order to further evaluate the effect of steric bulk on the co-

ordination of phosphine ligands, other bidentate ligands were 

used. 5 min. after the addition of bis(dicyclohexylphosphino) 

propane (dcpp) on 1 in o-DFB at RT, a purple solution was ob-

tained. In addition, a novel singlet at -22 ppm attributed to 

(dcpp)Ni(ORF)2 (6) was observed in the 19F NMR spectrum, 

along with the signal of free (DME)NaORF. This complex 

proved rather sensitive to hydrolysis. Indeed, crystallization of 

the crude mixture from a saturated solution of pentane/o-DFB at 

-35°C resulted in the formation of (dcpp)Ni(ORF)(OH).RFOH 7 

as orange crystals within 16h at -35°C (Scheme 8, left). Interest-

ingly, letting the same solution 16 more hours at RT allowed the 

solubilization of previously formed orange crystals followed by 

the crystallization of insoluble dimeric compound 8 [(dcpp)Ni(µ-

O)]2, (Scheme 8 , right). A square planar geometry around the 

nickel is observed for both complexes 7 and 8 (τ4=0). Crystals of 

complex 9.RFOH were solubilized in C6D6 and 19F NMR showed 

that there was an equilibrium between 6 (-22ppm) and 7.RFOH 

(-76 (br) & -75 (s) ppm). The formation of the insoluble complex 

10 results from the full hydrolysis of two Ni-ORF moieties. This 

unusual reactivity (Scheme 8, top) was unexpected in light of the 

differences in the pKa of RFOH (5.6 in H2O, 10.7 in DMSO) and 

H2O (14.0 in H2O, 32 in DMSO).50 This reactivity is proposed to 

result from the stronger donation from hydroxo and oxo ligands 

compared to ORF-.   The presence of the other strong field ligand 

dcpp, results in the favored square planar geometry at Ni. 

 

 

 

Scheme 8 – Top: Formation of dimer 8 from successive reaction of supposed (dcpp)Ni(ORF)2 with traces of water. Down: Molecular 

structure of 7 and 8 in crystalline state. Thermal ellipsoids drawn at 50% probability, cyclohexyl groups simplified. H, disordered 

atoms and solvent molecule (8) omitted. (except H on O in 7). Distances [Å] and angles [°] : compound 7 (left) : Ni-O1 : 1.926(2) ; 

Ni-O2 : 1.895(3) ; Ni-P1 : 2.182(1) Ni-P2 : 2.174(1) ; O1-Ni-O2 : 94.72(10) ; P1-Ni-P2 : 96.82(4) ; O1-Ni-P1 : 82.27(8) ; O2-Ni-P2 : 

86.18(8). Compound 8 (right) : Ni-O : 1.902(4) ; Ni-O’ : 1.909(4) ; Ni-P1 : 1.175(2) ; Ni-P2 : 2.174(2) ; P1-Ni-O : 170.60(12) ; P2-Ni-

O’ : 171.36(12). 

The hydrolysis of the Ni-ORF bond appeared to depend also 

on the steric bulk of the strong field ligand diphosphine. Indeed, 

in the case of bis-(diphenylphosphino) ferrocene (dppf), no such 

side reaction occurred. Thus, the addition of one equiv. of dppf 

on 1 in o-DFB gave a dark orange solution. A new signal at -25 

ppm was observed beside the signal of (DME)NaORF, attesting 

the formation of the complex (dppf)Ni(ORF)2 9 which did not 

evolve in days (isolated in 83% yield). Single crystals suitable 

for X-ray diffraction analysis were grown from a pentane solu-

tion at room temperature. The structure is shown on Figure 4.  

 

Figure 4 - Molecular structure of 9 in crystalline state. Thermal el-

lipsoids drawn at 50% probability, phenyl groups simplified. H, dis-

ordered atoms and solvent molecule omitted. Distances [Å] and 

angles [°] : Ni-O1 : 1.937(2) ; Ni-O2 : 1.868(2) ; Ni-P1 : 2.356(1) ; 

Ni-P2 : 2.358(1) ; O1-Ni-O2 : 132.1(2) ; P1-Ni-P2 : 102.8(1) ; Ni-O1-

C1 : 133.5(2) ; Ni-O2-C2 : 165.2(3). 



 

Finally, to extend the family of bis-alkoxy nickel complexes, 

the coordination of N ligands, i.e. bipyridine ligands was studied. 

The coordination of bipyridine or 4,4’-substituted bipyridine 

gave intractable mixtures. On the other hand, coordination of 

2,2’-dimethyl-6,6’-bipyridine (bipyMe2) proved to be selective. 

Indeed, the addition of one equivalent of bipyMe2 on 1 in o-DFB 

at RT gave an orange solution. As observed for 2, 3 and 4, two 

singlets were obtained in the 19F NMR spectrum. The signal of 

(bipyMe2)Ni(ORF)2 10 was located at -49 ppm and the release of 

(DME)NaORF was again evidenced by a singlet at -75ppm. Sin-

gle crystals were grown from a saturated solution of pentane/o-

DFB. The structure of 10, isolated in 98% yield, is presented on 

Figure 5. 

 

Figure 5 - Molecular structure of 10 in crystalline state. Thermal el-

lipsoids drawn at 50% probability, H and disordered atoms omitted. 

Distances [Å] and angles [°] : Ni-O1 = Ni-O2 : 1.8933(17) ; Ni-N1 = 

Ni-N2 : 1.990(2) ; P1-S1 : 1.9864(6) ; O1-Ni-O2 : 109.73(11) ; N1-Ni-

N2 : 82.76 (11). 

X-Ray Diffraction analyses 

Not surprisingly, the geometries at Ni in these complexes de-

pend on the ligands. No square planar geometries are observed 

for the monomeric complexes, likely due to the bulkiness of the 

ORF groups. In the case of 5 and 10, where dcpmS and bipyMe2 

are the ligands, the geometry around nickel is trigonal pyramidal 

with τ4=0.87 for 5 and τ4=0.85 for 8. For 4 (Cy3PO) and 9 (dppf), 

a geometry between seesaw and trigonal pyramidal is noticed 

(τ4=0.76 for 4 and 0.73 for 9). Nickel oxygen bonds lengths vary 

between 1.868(2)Å and 1.937(2)Å, for complex 9. These values 

are longer than most reported Ni-O bond length (median value 

for Ni-O bond length: 1.85Å, see ESI, figure S15), due to the 

presence of electron-withdrawing and bulky C(CF3)3 moieties. In 

complexes 5 and 9, the two Ni-O bond distances are different. 

Notably, in complex 9 the two Ni-O bond distances are different 

by 0.07Å. In this case, the shortest Ni-O2 bond is linked to a 

wider Ni-O2-C2 angle of 165.2(3)° vs 133.5(2)° for Ni-O1-C1, 

pointing a stronger Ni-O interaction.  

Ni-F interactions are observed in the solid-state structure (Ni-

F1 = NiF2: 2.840(3)Å (4); 2.825(3)Å (7); 2.973(2)Å (9)). Consid-

ering these interactions, the geometry around these complexes 

are pseudo-octahedral for 4 and 5 and pseudo-square pyramidal 

for 9 (τ5=0.33).51 Except for complex 5 (dcpmS) that have long 

Ni-S bonds (2.320(1) and 2.328(1)Å) compared to literature (ca 

2.20Å, only four structures with square planar geometry at Ni),52 

all L-Ni bonds have standard lengths compared to previously re-

ported Ni(II) complexes featuring these ligands.53–55 PO and PS 

bonds are slightly elongated   in complexes 4 and 5 compared to 

the free ligand (+0.02 to 0.03Å),56 due to the coordination on 

nickel. 

Stability 

While complex 10 was stable in all tested solvents, complexes 

4, 5 and 9 were not stable in coordinating solvents. In fact, their 

dissolution in ACN or THF immediately released the corre-

sponding ligand (detected by 31P NMR) and several new Ni com-

plexes were observed in the 19F NMR spectra (signals not at-

tributed).  

In accord with the observed instability of [(dcpp)Ni(ORF)2] to-

ward water, all complexes degraded under air or upon contact 

with water. 

The four isolated L2Ni(ORF)2 complexes obtained from  the 

unique precursor [Ni(ORF)4][Na(DME)]2 1 are exposed on 

Scheme 9 as a general scheme for this synthetic part.

 

Scheme 9 – Overview of all isolated bis-alkoxy nickel complexes. 

Reactivity toward ethylene 

All complexes were tested in ethylene oligomerization after 

activation with different equivalents of PhF→Al(ORF)3 

(PhF=fluorobenzene) in o-DFB (Table 1). This strong Lewis 

acid, reported by Krossing,40 was freshly prepared before each 

catalytic test by addition of 3.1 eq. of RFOH (in o-DFB) on AlEt3 

(in fluorobenzene) at -40°C. The obtained colorless solution was 

immediately introduced in the reactor at 25°C to avoid known 

decomposition of the Lewis acid.57 Indeed, the introduction of 

the Lewis acid on a solution at 50°C led to absence of activity 

most likely due to fast decomposition of the Lewis acid, before 

reacting with L2Ni(ORF)2 (entry 1). Therefore, the quantity of 

catalyst and solvent used, as well as the overall pressure were 

adapted depending on the activity of the produced systems, to 

avoid exotherms. The blank reactions, where the nickel precur-

sors and PhF→Al(ORF)3 were tested alone under ethylene (5 bar 

in pressure NMR tubes), did not present any activity. 

We first focused on finding the best catalytic conditions with 

complex 10 as the precursor (entries 1-4). The addition of only 

one equivalent of PhF→Al(ORF)3 was not sufficient to induce 

significant activity (entry 2), suggesting the cationic [LnNiORF]+ 

fragment not to be an active species. On the other hand, the use 

of two equivalents of Lewis acid led to much higher activity (en-

try 3). It has to be noted that the consumption over time was 



 

constant (see ESI, figure S21), proving the formation of a very 

robust system. Disappointingly, the hypothetical formation of 

the envisioned dicationic [LnNi]2+ fragment under these condi-

tions did not lead to high selectivity for 1-butene, that would be 

expected if a metallacyclic pathway was followed. Increasing the 

number of equivalents of Al from 2 to 4 did not have any effect 

on the selectivity but decreased the activity in dimerization (en-

try 4). Therefore, in the subsequent tests, activation of 

L2Ni(ORF)2 precursor was carried out with only two equivalents 

of Al(ORF)3. 

The ligand influence was notable as activities differed very 

significantly depending on the precursor. Similar isomerization 

pattern was observed with the different starting precatalysts 

which can be attributed to similar active species. Complex 10 

(bipyMe2 ligand) was found to be the least active precursor. In-

deed, complex 5 (dcpmS ligand) was more than twice as active 

as 10 (entry 5 vs. 3). Complexes 4 (Cy3PO) and 9 (dppf) were 

too active at the optimal conditions determined for 10 (20 bar, 

25°C, 20mL of solvent) and the temperature could not be con-

trolled (exotherm of 45°C and 58°C respectively). When de-

creasing the pressure (10 bar), the exotherm was lower for 4 

(18°C, entry 6), leading to a much higher activity compared to 

complex 10 (entries 6 vs 9; 23918 vs 1159 gC2H4.gNi.h-1) although 

a higher isomerization was measured (34% 1-butene vs 52%). 

The exotherm under these conditions with complex 9 was of 

44°C, being too high for gathering exploitable data. Finally, in-

creasing the volume of solvent (20 to 30 mL) prevented such ex-

otherms and provided activity and selectivity values that can be 

compared (entry 7, 8 and 10). Under these conditions, catalysis 

with complex 9 (dppf) led to the best activity of our complexes 

(entry 8, 50774 gC2H4.molNi.h
-1). These results clearly showed the 

influence of the ligand in the activity, being in the order: 

dppf>>Cy3PO>dcpmS>bipyMe2. In all tested conditions, selec-

tivity for butenes range from moderate to excellent (73-97%). 

Unfortunately, the selectivity in 1-butene is quite low (not higher 

than 53% in the butene fraction for activity higher than 5000 

gC2H4.gNi.h
-1). 

Catalytic tests with (dppf)NiCl2 and (bipyMe2)NiCl2 (entry 14 

and 15 respectively), activated by ethyl aluminium dichloride 

(EADC) were carried out to compare activity and selectivity with 

L2Ni(ORF)2/2Al(ORF)3 catalytic systems. For dppf ligand (entry 

8 vs 14), selectivity in butenes were similar (ca 80%) while isom-

erization was higher starting from the (dppf)Ni(ORF)2 precursor 

(27.7 vs 51.2% 1-butene). In the case of bipyMe2 (entry 3 vs 15), 

selectivity in butenes is ca 20% lower with (bi-

pyMe2)NiCl2/EADC (75.2%) than with (bi-

pyMe2)Ni(ORF)2/Al(ORF)3 (91.3%) while selectivity in 1-butene 

is better for the former (60.7 vs 51.9%). 

 

 

Table 1 – Catalytic tests with L2Ni(ORF)2/Al(ORF)3, L2 : (Cy3PO)2, bipyMe2, dppf, dcpmS; (dppf)NiCl2/EADC and (bi-

pyMe2)NiCl2/EADC. 

Entry Precursor (µmol) Al(ORF)3 (µmol) Additive (µmol) Activity (kgC2H4.gNi.h-1) %butenes (%b1) %hexenes (%h1) 

1 12 (50)a 100 - 0 - - 

2 12 (50) 50 - traces 98.2 (75.0) - 

3 12 (50) 100 - 10.7 91.3 (51.9) 7.0 (13.2) 

4 12 (50) 200 - 4.6 89.4 (52.8) 7.6 (16.3) 

5 7 (50) 100 - 26.9 77.8 (43.2) 15.5 (7.6) 

6 6 (10)b 20 - 23.9 73.2 (34.4) 19.1 (6.5) 

7 6 (10)b,c 20 - 7.7 91.0 (60.8) 7.7 (14.0) 

8 11 (10) b,c 20 - 50.8 80.3 (27.7) 13.2 (7.2) 

9 12 (50)b 100 - 1.2 97.2 (52.4) 1.8 (16.7) 

10 12 (50)b,c 100 - 1.1 93.6 (66.5) 5.1 (16.7) 

11 12 (50) 100 RFOH (50) 9.1 89.9 (50.7) 8.2 (12.8) 

12 12 (50)d 100 H2O (40) 0 - - 

13 12 (50)d,e 100 H2O (10) 1.1 82.9 (52.7) 13.5 (13.5) 

14 (dppf)NiCl2 (2.5)e - EADC (37.5) 87.8 84.7 (51.2) 14.4 (14.4) 

15 (bipyMe2)NiCl2 (2.5)e - EADC (37.5) 21.1 75.2 (60.7) 23.7 (16.3) 

General conditions: addition at 25°C of freshly prepared PhF→Al(ORF)3 in PhF/o-DFB on a solution of L2Ni(ORF)2 saturated in C2H4. o-DFB (total of solution: 

20mL), 25°C, 20 bar. Catalysis are stopped after 15-17g of consumed ethylene or after 1h by quenching with amines. aAddition of Al(ORF)3 at 50°C. bCatalytic tests 

done at 10 bar. cVolume of solvent = 30mL. dWet o-DFB is added  on the precursor, under ethylene and before activation with Al(ORF)3.
eNo activity after 15min at 

25°C. Ethylene consumption started when heating at 50°C. eCyclohexane is used as solvent and catalysis done at 50°C (not active at 25°C).  
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Scheme 10 – 1-butene isotopomers depending on followed 

mechanisms: Cossee-Arlman vs. metallacycle. These isoto-

pomers mixtures lead to drastically different mass spectrum 

(cf. Figure 6).58 

The good activity and selectivity in butenes formation of 

some complexes contrasted with the poor selectivity in the de-

sired 1-butene. We therefore became interested in the mecha-

nism followed by these complexes. Oligomerization tests with 

a mixture of C2H4 and C2D4 with a 1:1 ratio, as described by 

Bercaw59 and McGuinness,58,60 were carried out. Indeed, these 

authors have shown that the theoretical mass spectra of 1-butene 

depended on the mechanism of the catalytic process, Cossee-

Alrman vs. metallacyclic. For the latter, only three different 

isotopomers are produced (C4H8, C4H4D4, C4D8) while all pos-

sible 1-butene isotopomers are produced during a Cossee-Arl-

man mechanism (Scheme 10).58 It has to be noted that theoreti-

cal mass spectrum of butenes from Cossee-Arlman mechanism 

did not take into account a “hydrogen scrambling” process (vide 

infra). These different isotopomers mixtures obviously led to 

different mass spectrum which were theoretically determined 

(Figure 6, grey and pale orange). Thus, catalytic tests were done 

in NMR tubes in o-DFB/PhF (9/1), under pressures from 2 to 

2.5 bar, with different ratios of complex 10 (1µmol) to 

PhF→Al(ORF)3 (1:2, 1:4). The ethylene consumption was fol-

lowed by 2H NMR and when enough butenes were produced, 

typically within 5min, a GC-MS analysis of the gas phase was 

done. In all cases the mass spectrum of butenes fraction was 

identical and presented on Figure 6 (blue). The first important 

information was that beyond 2:1, the ratio of Lewis acid to 

precatalyst had no impact on the final mass distribution of 

butenes. 

 

Figure 6 – Mass spectrum of 1-butene after catalysis under 

C2H4/C2D4 (1/1, 2.5b) with 10/2Al(ORF)3 system in o-DFB at RT. 

Strikingly also, our experimental spectra did not match either 

of the two theoretical distributions of Cossee-Arlman and 

metallacyclic mechanisms. Nevertheless, this behavior was pre-

viously described by Britovsek for catalysts that oligomerize 

ethylene through a Cossee-Arlman mechanism.61 They showed 

that a fast H/D scrambling could occur on ethylene once a cati-

onic M-H fragment was formed, that resulted in coexistence of 

M-D, M-H complexes and mixtures of partially labelled eth-

ylene substrates C2D4-xHx (see ESI, figure S28). This observa-

tion was consistent with fast successive insertion/β-H elimina-

tion processes at the Ni-ethyl stage (Scheme 11). The similarity 

of our results with the ones of Britovsek clearly suggests the 

formation of a [Ni-H] complex from the (bipyMe2)Ni(ORF)2 

precatalyst upon reaction with two equivalents of 

PhF→Al(ORF)3, thereby ruling out the metallacyclic mecha-

nism. 

Such a formation of a [Ni-H] species was puzzling and 

prompted further experiments. The first hypothesis was that the 

H from Ni-H bond came from C2H4. The same experiment was 

therefore carried out under deuterated ethylene (purity: 

99.99%). The mass spectrum of the 1-butene fraction showed, 

among the various m/z, the presence of small yet significant 

amounts of several odd mass compounds, the most abundant 

being C4D7H (4.2%, Figure 7).  Although being in minor 

amount, the presence of that product demonstrates the for-

mation of a Ni-H intermediate under pure C2D4, and not only 

the expected Ni-D that would result from C-D activation.  

 

Scheme 11 – H/D scrambling at the Ni-ethyl stage. 

Therefore, upon activation, a small quantity of a “Ni-H” com-

plex did not come from ethylene. A second plausible hypothesis 

was that minute amounts of acidic species were responsible for 

Ni-H formation. A slight excess of alcohol (3.1 eq. of RFOH are 

used to generate PhF→Al(ORF)3) was first supposed to be the 

source of proton. If it were the case, more RFOH should increase 

the amount of Ni-H and thereby the activity in ethylene oli-

gomerization. However, when doing the catalytic test with one 

more equivalent of alcohol (entry 11 vs. 3), a slight decrease in 

activity was observed while keeping similar selectivity behav-

ior. Similarly, the catalysis in the presence of different amounts 

of water were carried out, leading to lack of activity with either 

0.2 and 0.8 eq. of H2O (vs catalyst, entries 13 and 12 resp.) in 

the solvent. These results did not conclude whether or not the 

“acids” were the source of hydride. Indeed, a competition be-

tween inhibition by coordination of the Lewis base (RFOH and 

H2O) and formation of Ni-H can explain the lack of activity in 

both cases. In summary, these mechanistic investigations have 

evidenced the intermediacy of a [Ni-H] moiety in a Cossee-Arl-

man mechanism. Deuterium labelling rules out the involvement 

of ethylene in the formation of such [Ni-H] intermediate. 
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Figure 7 - Mass spectrum of 1-butene after catalysis under C2D4 

(2.5b) with 10/2Al(ORF)3 system in o-DFB at RT. 

CONCLUSION 

In conclusion, we have reported the synthesis of the novel 

tetra-alkoxy nickelate complex [Ni(ORF)4][Na(DME)]2. We 

demonstrated the latter to be a convenient precursor for the 

L2Ni(ORF)2 family  after selective double ORF- substitutions 

with electronically and sterically different L ligands (monoden-

tate and bidentate ligands). We therefore believe this reaction to 

be very general, providing access to a wide family of 

L2Ni(ORF)2 complexes from this precursor. We then tested four 

L2Ni(ORF)2 complexes in ethylene oligomerization, after acti-

vation with the Al(ORF)3 Lewis acid, leading to good to excel-

lent activity and selectivity in butenes. The selectivity in 1-bu-

tene was nevertheless disappointingly low, in apparent disa-

greement with the foreseen metallacyclic mechanism. Mecha-

nistic studies, involving the use of C2H4/C2D4 and C2D4 coupled 

with GC-MS analysis evidenced the formation of minor 

amounts of a [Ni-H] intermediate, whose source is still unclear 

and under investigation in our groups. It is likely that this com-

plex is responsible for the isomerization of 1-butene into 2-bu-

tene.  Work is currently being carried out in our laboratories 

focusing on the generation of the active species “L2Ni2+” from 

the L2Ni(ORF)2 precursors, without generating the “Ni-H” inter-

mediate, to probe the accessibility and efficiency of the metal-

lacyclic mechanism in the oligomerization process. 
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