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1 Introduction 

In Chapters 4 and 5, we disclosed and developed a new class of single component 

nickel catalysts. A simple change in phosphorus substituents at the ligands of these 

complexes, leads to a dramatic shift in selectivity from a broad LAO distribution 

(comparable to SHOP) to selective 1-butene formation. Such a change in selectivity 

is unusual considering that a change in the chelate phosphine of the SHOP system 

has only little influence on the product distribution, leading in all cases to a broad 

(unselective) LAO distribution.
[1]

 We wondered if the various zwitterionic nickel 

catalysts operate via one unique mechanism or via two different mechanisms 

explaining the difference in product distribution. 

In order to discriminate between the two pathways, we evaluated the performances of 

a small set of zwitterionic cationic and related hydride complexes (from Chapter 5) 

as catalysts in the reaction of ethylene oligomerisation. Based on the product 

distribution displayed by various catalysts as well as high pressure (ethylene) NMR 

experiments, detailed insight was obtained on the different structural elements that 

are relevant for selectivity. A catalytic pathway is proposed accordingly. 

2 Catalytic experiments with isolated complexes 

The catalytic activity of the complexes 1-10 and Ref depicted in Figure 1 was 

evaluated in a 250 mL steel autoclave under an ethylene atmosphere at constant 

pressure (30 bars) at 40°C and 80°C for 90 minutes. The ethylene uptake was 

quantified by measuring the mass reduction inside the ethylene supply cylinder. 

The results are presented in Table 1. An initial exothermic reaction was observed in 

all experiments. The mass balance for all experiments was greater than 80%. In all 

cases the oligomers that formed were linear alpha olefins (LAO) as shown by the 1-

C4 and 1-C6 fractions presented in Table 1. 
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Figure 1. Nickel complexes evaluated in ethylene oligomerisation. 
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Table 1. Catalytic reactions for isolated complexes at 40 and 80°C 

Entry Complex 
nNi 

(µmol) 
T 

Mass of 

oligomers 

(g) 

TOF[a] 

Product 

distribution[b] 
1-

C4
[b,c] 

1-

C6
[b,c] 

KSF 

C4 C6 C8
+ 

1 1 10 40°C 10.2 12 35 28 37 99.7 98.8 K=0.45 

2 2 10 40°C 21.0 24 85 13 2 99.0 87.8 - 

3 3 10 40°C 4.4 5 93 6 1 99.7 95.5 - 

4 3 10 80°C 5.8 7 86 12 2 99.4 91.9 - 

5 4 10 40°C 18.1 21 36 28 36 99.5 98.0 K=0.44 

6 5 10 40°C 9.2 11 88 11 1 99.0 91.4 - 

7 6 10 40°C 5.8 7 37 29 34 99.7 99.0 K=0.42 

8 7 50 40°C 4.0 <1 39 27 34 99.8 99.1 K=0.43 

9 8 50 40°C 1.7 <1 94 5 1 99.4 96.9 - 

10 8 10 80°C 7.6 9 86 12 2 98.3 90.5 - 

11 9 10 40°C 1.1 1 89 9 2 99.2 95.2 - 

12 9 10 80°C 9.0 10 81 16 3 95.8 86.6 - 

13 10 50 40°C 6.6 1 21 22 57 99.7 99.2 K=0.57 

14 Ref 50 50°C 33.2 5 1 2 97 77.2 96.4 K=0.83 

Reaction conditions: 30 bar C2H4, 40°C, solvent: toluene (55 mL), 90 min, [a] in kgoligo/(gNi.h), 

calculated on the basis of the products formed within 90 min [b] determined by GC within all products 

formed, [c] 1-C4 determined within C4, 1-C6 determined within C6. 

The group of supramolecular complexes 1-5 with an amino(aryl)phosphine co-ligand 

displayed the best activity of all the tested complexes, reaching up to 24 kgoligo/(gNi.h) 

for 2. A regular ethylene uptake was observed indicating the stability of the complex 

under the catalytic reaction conditions. Within this group, some differences in 

activity were observed. Complex 2 was twice as active as complex 1 and also had a 

linear ethylene uptake. In comparison, complex 3 was approximately 1/4 as active as 

2 and the ethylene consumption was not linear as the uptake reached a plateau after 

60-70 min (see Figure 2). This low consumption was probably due to the electron 

withdrawing character of the sulphonamide, which destabilised the complex and led 

to decomposition in solution. Complexes 4 and 5 displayed activity in the range of 1 

and 2, with 5 being twice as active as 4.  
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Figure 2. Ethylene uptake (g) in function of time for catalysts 1, 2, 3 at 40°C. 

Although the reactions were reproducible, we observed in a series of subsequent 

reactions that the catalytic activities slowly increased. This tendency could be due to 

the deposition of small amounts of catalysts at the reactor steel surface. This 

phenomenon is critical for the reproducibility of catalytic oligomerisation systems 

and is generally addressed by the passivation of the reactor with an alkylaluminum or 

MAO solution prior to catalysis.
[2]

 These activators react with traces of reactive 

species such as water and create a thin protective layer inside the reactor. Also 

performing the catalysis in a continuous reactor would most likely increase the 

catalytic activity (after an induction delay). For these reasons the productivity values 

presented here are probably underestimated.  

Changing the aminophosphine co-ligand for trimethylphosphine in complexes 6, 8, 9 

resulted in a drop of activity by a factor 2-3 compared to the analogous 

supramolecular complexes. The complexes 8 and 9 were almost inactive at 40°C (0.3 

kgoligo/(gNi.h) and 1.1 kgoligo/(gNi.h) but increasing the temperature to 80°C triggered 

their activation. This effect of temperature was particularely visible for complex 9 for 

which activity at 40°C was 0.3 kgoligo/(gNi.h) while it increased to 9 kgoligo/(gNi.h) (see 

the monitoring of ethylene uptake for 9 in Figure 3).  
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Figure 3. Ethylene uptake (g) as function of time for catalyst 9 at 40°C and 80°C. 

At 80°C, 8 and 9 displayed similar consumption profile as 6 (around 8 kgoligo/(gNi.h)) 

which is representative for this class of PMe3 complexes and also corresponds to the 

activity of the complex Ref. Changing PMe3 for the more bulky PCy3 resulted in the 

nickel hydride complexes 7 and 10 (see Chapter 5), which at 40°C displayed 

catalytic activity similar to those of PMe3 complexes, with 10 being slightly more 

active than 9. The activity of all these METAMORPhos-based complexes is higher 

than their carbonyl equivalent (SHOP complexes). Indeed, supramolecular catalysts 

1, 2, 4, 5 are more active than SHOP-type catalysts. In addition, PMe3 and PCy3 

based complexes 6, 7, 8, 9 and 10 produce oligomers whereas the carbonyl 

equivalents (SHOP-type) have been described as inactive under the same 

conditions.
[1]

 This suggests that the sulphonyl group has a positive influence on the 

oligomerisation activity of the nickel complexes. 

Regarding their selectivity in the oligomerisation reaction, the complexes can be 

divided into two categories: 1) selective 1-butene formation, 2) non-selective systems 

that form a Schulz-Flory distribution of LAO. Complexes 1, 4, 6, 7, 10 led to linear 

alpha olefins with a wide Schulz-Flory distribution of oligomers. Complex 1 

(consisting of aminophosphine and METAMORPhos F3C-SO2-N=PH(iPr)2), 

produced a broad oligomer distribution (C4 = 35%, C6 = 28%, C8
+ 

= 37%, KSF = 

0.45). Changing the co-ligand (4) only slightly affect selectivity (C4 = 36%, C6 = 

28%, C8
+ 

= 36%, KSF = 0.44). Similarly, the selectivity was the same for a series of 

complexes with the same METAMORPhos and using co-ligands PMe3 (6) or PCy3 
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(7), suggesting that neither the geometry (hydride vs. zwitterionic) nor the co-ligand 

has much effect on selectivity, as long as the METAMORPhos ligand is not changed. 

However, a change of the METAMORPhos ligand does have a significant effect on 

the reaction; ethylene oligomerisation by hydride complexes 7 and 10, which have 

the same PCy3 co-ligand but a different METAMORPhos ligand, led to products 

with a significantly different Schulz-Flory constant (KSF (7) = 0.42 vs. KSF (10) = 

0.57) showing that the product distribution is significantly shifted to higher 

molecular weight when 10 was employed as catalyst. 

Complexes 2, 3, 5, 8, 9 produce very short oligomers, that consisted mostly of 

butenes and smaller fractions of hexenes and octenes. Supramolecular complexes 2 

and 5 based on METAMORPhos F3C-SO2-NH-P(o-tolyl)2 produced 85% and 88% of 

butenes respectively, of which 99% was 1-butene. Changing the aminophosphine for 

PMe3 (2 vs. 9) did not have an effect on the selectivity at 40°C. However, the 

reaction carried out of heating to 80°C (entry 14) led to a sharp decrease of the 

butenes content as well as the alpha-selectivity. Complexes 3 and 8, based on the 

same aryl METAMORPhos 4-nBuPh-SO2-NH-PPh2, produced high fractions of 

butenes (> 93%) compared to 2 and 5. While catalyst 4 was catalytically active at 

40°C, ethylene oligomerisation with 8 only proceeded upon heating the autoclave to 

80°C. Increasing the temperature for 3, 8, 9 also led to an activity increase but a 

decrease in the selectivity for butenes and the alpha-selectivity. This decrease is 

likely caused by co-dimerisation of ethylene and 1-butene to ethyl-2-butene-1, as 

mentioned in Chapters 1 and 3.  

3 Mechanistic aspects of the oligomerisation reaction 

3.1 Reactivity of the complexes under an ethylene atmosphere 

In order to understand the result of catalytic reactions at a molecular level, we 

determined the behaviour of the complexes under an ethylene atmosphere. The 

reactivity of nickel hydride and nickel zwitterionic complexes was studied. A 

mechanism for the ethylene oligomerisation with these new complexes is proposed 

on the basis of these experiments. 

3.1.1 Reactivity of nickel hydride complexes 

Keim et al. demonstrated through low temperature NMR spectroscopy that the active 

species for ethylene oligomerisation is a nickel-hydride.
[3]

 Based on this, we 

investigated by 
31

P NMR spectroscopy the reactivity of METAMORPhos-based 

hydride complexes 7 and 10 with ethylene. When ethylene gas was bubbled through 

a solution of complex 7 (see Scheme 1), we observed within 10 min, full conversion 
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(see Figure 4) of 7 to a new complex that shows two resonances in the 
31

P NMR 

spectrum at δ(C6D6, ppm): 18.7 (d, 
2
JPP = 245 Hz) and 89.6 (d, 

2
JPP = 245 Hz). 

 
7 11 

Scheme 1. Reaction of complex 7 in C6D6 with ethylene to form complex 11. 

The large coupling constant 
2
JPP = 245 Hz observed for the new complex (close to 

that of 7) indicates that the phosphorus atoms are in trans position. Moreover, the 

hydride signal initially observed in 
1
H NMR (300MHz, C6D6, 300K) at δ(ppm) -26.8 

(dd, 
2
JPH = 64 Hz, 

2
JPH = 78 Hz), disappeared and two new signals at δ(C6D6, ppm): 

0.35 (br m); 0.75 (t) appeared, as depicted in Figure 5. These new signals are 

consistent with a Ni-CH2-CH3 group according to literature, indicating that the 

hydride reacted with ethylene to form a nickel ethyl complex.
[3–5]

 Upon closer 

inspection of the phosphorus NMR spectrum of 11, a second doublet system with 

low intensity, close to the main one is observed (same coupling constants and a very 

similar value of chemical shifts). Interestingly 1-hexene reacted with the nickel 

hydride complex 7 leading to signals at δ(C6D6, ppm): 18.4 (d, 
2
JPP=246 Hz); 89.8 (d, 

2
JPP=246 Hz) which are very similar to those of complex 11. Given the relative 

proximity, the small doublet system signals observed in the spectrum in Figure 4(b) 

certainly correspond to a Ni-CH2-CH2-CH2-CH3 chain. 
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Figure 4. 31P NMR (121 MHz, C6D6, 300K) spectrum of complex 7 and same complex upon bubbling 

ethylene for 10 min at RT: 11. 

 

Figure 5. 1H NMR (300 MHz, C6D6, 300K) upfield part of spectrum of complex 7 and same complex 

upon bubbling ethylene for 10 min at RT:11: new signals: triplet at 0.75 ppm and broad multiplet at 0.35 

ppm. 

Given the significant change observed in the 
31

P NMR spectrum (as depicted in 

Figure 4) upon bubbling ethylene through a solution of complex 7, which reveals the 

transformation of the nickel hydride to the nickel-ethyl, we thought that the chemical 

shift assigned to METAMORPhos phosphine of the newly formed complex could be 

a good system descriptor. To validate this hypothesis we gathered different 

complexes with the same METAMORPhos ligand and reported the corresponding 
31

P chemical shifts of METAMORPhos ligands in Table 2.  

7 

11 

11 

ethyl signals 

 

 

7 
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Zwiterionic complexes 1 and 6 display very close chemical shifts for PMET at 

δ(C6D6): 85.8 ppm and 87.1 ppm respectively, showing that the nature of the co-

ligand in cis position with respect to METAMORPHos has not much influence on 

the chemical shift of PMET. The chemical shift difference between a zwitterionic and a 

nickel ethyl complex is not significant either as there is only a difference of 2.8 ppm 

between PMET of 6 and 11. Yet, there is a larger difference between zwitterionic and 

hydride complexes (difference of 16.3 ppm between 6 and 7) and as a consequence 

also between nickel ethyl complexes and nickel hydride complexes. The same trend 

was observed upon comparing properties of the complexes 2, 9 and 12 with different 

METAMORPhos ligands. The notable difference in the
 31

P NMR spectra between 

nickel hydride and nickel ethyl complexes could be used as a quick determination 

tool for the (in situ) identification of species in solution by 
31

P NMR spectroscopy. 

Table 2. Series of nickel complexes (isolated and in situ) based on the METAMORPHos scaffold and 

corresponding 31P NMR signal of the METAMORPhos ligand phosphines. 

 
  

 

1 6 7 11 

85.8 ppm 87.1 ppm 103.4 ppm 89.6 ppm 

 
  

2 9 12 

52.1 ppm 54.8 ppm 63.3 ppm (tol-d8) 

 

3.1.2 Reactivity of zwitterionic nickel complexes 

3.1.2.1 Zwitterionic supramolecular complexes: 

At room temperature and under 5 bar of ethylene pressure, we showed in Chapter 4 

that the supramolecular zwitterionic complexes 1 and 2 rearranged to trans 

complexes 1’ and 2’, with characteristic signals in the 
31

P NMR spectra. The 

presence of vinylcyclooctene was also observed, leading to a proposed conversion 

into the trans-(PO,P)Ni-ethyl complexes according to Scheme 2. 
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1  1’ 

 
2  2’ 

Scheme 2. Reaction of zwitterionic and supramolecular complex 1 and 2 (in solution in C6D6) with 

ethylene to form trans-(PO,P)Ni-ethyl complexes 1’ and 2’. 

Interestingly, the 
31

P NMR signal of complex 1’ at 89.8 ppm fits relatively well with 

the signal of the trans-(PO,P)Ni-ethyl complex 11 (δ(C6D6): 89.6 ppm see Table 2), 

which suggests that 1’ adopts also the structure of a trans-(PO, P) chelated Ni-ethyl 

complex.  

3.1.2.2 Zwitterionic PR3 complexes: 

The rearrangement of zwitterionic complexes under an ethylene atmosphere is not 

specific to supramolecular complexes 1 and 2, since phosphine-based complex 8 also 

converts to a new species according to 
31

P NMR spectroscopy. Indeed, new broad 

signals form at δ(C6D6): -17.8 and 89.7 ppm when this complex is reacted with 

ethylene, which suggests that 8 also rearranges to a trans-(PO,P) Ni-ethyl complex. 

Moreover, this transformation was also visible by the decrease in the intensity of the 

allylic protons of the original zwitterionic complex. After 1 h, under an ethylene 

atmosphere of 5 bar, the system had also formed oligomers according to NMR. This 

rearrangement should also be possible in other zwitterionic complexes.  

We have seen that both hydride and zwitterionic complexes rearranged in presence of 

ethylene to a trans-(PO,P)Ni-ethyl complex and that this intermediate is likely the 

active species for ethylene oligomerisation. The very high selectivity for LAO 

obtained for all the catalysts described is a strong evidence for the active species 
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consisting of an anionic PO chelated nickel complex such as 11. According to Jensen 

et al. this type of complexes, having an alkyl chain in trans position relative to the 

oxygen, are energetically favourable.
[6]

 All these arguments seem to indicate that the 

Ni-ethyl complex 11 is the typical structure of the active species for both the 

zwitterionic and nickel hydride complexes described in this Chapter. 

3.2 Mechanistic and parameter study, influence of groups 

Considering that the active catalytic species was similar to the simplified structure 13 

(see Figure 6), we set out to investigate the influence of each R-group to understand 

from which part the selectivity of this type of complexes originated and particularly 

to understand what governed the switch between selective and non-selective systems. 

 

13 

Figure 6. Postulated general active species for ethylene oligomerisation of METAMORPhos based 

complexes. 

Starting from the active species 13, two mechanisms of olefin oligomerisation can be 

considered: either a metallacyclic mechanism or a Cossee-Arlman mechanism 

(presented in Chapter 1). The first one is known to produce one olefin with high 

selectivity and has been largely reviewed for chromium and titanium.
[7–9]

 However, 

the high linearity observed within all the oligomers fractions (1-C4 in C4, 1-C6 in C6 

and 1-C8 in C8) and the fact that the starting complex must be a Ni(0) to perform 

oxidative coupling, excludes the metallacyclic mechanism for the current class of 

complexes. The very high linearity and alpha selectivity for linear olefins observed 

for all catalysts supports a Cossee-Arlman mechanism in which ethylene coordinates 

to the metal and then inserts in the metal-alkyl chain.
[10–12]

 This mechanism was 

confirmed by Brookhart et al. who, in addition, observed by NMR spectroscopy the 

existence of a Ni-ethyl β-agostic bond in the elementary steps of chain growth.
[13–16]

 

Also computational studies on Ni diimine or PO chelated complexes established that 

this interaction is crucial as it facilitates the 1,2-insertion of ethylene into the Ni-C 

bond as shown in Scheme 3.
[6,17–22]

 



Zwitterionic and Nickel Hydride Complexes: Reactivity for Ethylene Oligomerisation 

191 

 

Scheme 3. Cossee-Arlman chain growth mechanism taking in account the Ni-ethyl β-agostic bond. 

Based on these arguments, the METAMORPhos-based catalysts that we describe 

most likely follow this mechanism. We considered in this approach both β-H 

elimination and β-H transfer as the two possible termination steps as they are hard to 

distinguish experimentally. Moreover, although a dissociative pathway seems like 

the most obvious route for chain termination, joint kinetic and mechanistic studies by 

the groups of Monteiro and Matt on closely related structures, indicated that β-H 

elimination can also proceed by an associative pathway in which intermediates with 

18 valence electrons would form.
[23,24]

 A mechanism accounting for all those possible 

chain propagation and termination pathways with key intermediates is proposed in 

Scheme 4. We could experimentally confirm the first steps as the hydride 

intermediate (I) was isolated as complexes 7 and 10 with PCy3. We also confirmed 

the formation of intermediate (III) from (I) in the presence of ethylene by NMR 

studies (see 11 in Scheme 1).  

The formation of intermediate (III) from (I) has often been described via 

intermediate (II), which is a cis (ethylene, hydride) nickel complex. The equilibrium 

between (I) and (II) depends on the concentrations of both ethylene and the co-

ligand. Indeed, Keim et al. showed by low temperature NMR experiments (according 

to couplings and signals width) that the co-ligand is involved in a fast equilibrium 

between coordinated state and the free ligand. However, we did not observe this 

when hydride complex 7 was reacted with ethylene at room temperature.
[25]

 Another 

possible pathway to get (III) from (I) could be through the extra coordination of 

ethylene to complex (I) leading to 18 valence electron species (I’). Indeed this type 

of coordination has already been observed in the crystal structure of a 

(PO,PMe3,PMe3)NiMe complex obtained by the group of Keim.
[25]

 This shows that 

these two pathways can account for ethylene insertion. 

Once intermediate (III) is formed, it can incorporate ethylene within the Ni-C bond 

via coordination / insertion until the chain terminates. Possible termination pathways 

include associative or dissociative β-H elimination or transfer that releases an olefin 

and regenerates the catalyst (either Ni-H or Ni-Et). From the catalytic experiments, 

the differences in selectivity (1-butene vs. broad Schulz-Flory oligomers distribution) 

indicates that intermediate (V) was discriminating between both pathways. We 

believe that the pathway from (V) is strongly dependent on the structural parameters 
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of the complex (electron density, steric bulk) and cannot be predicted without 

calculations. 

 

Scheme 4. Catalytic pathway involved in 1-butene formation with (PO,P)Ni complexes 

Having proposed these different possible catalytic pathways, we set out to understand 

the effect of each group of the generic structure 13, on the activity and selectivity of 

the catalytic reaction. 

3.2.1 Influence of the sulphonyl moiety 

The sulphonyl group was not responsible for the clear change in selectivity for 

complexes 4 and 5 as reported in Table 1. Two complexes based on the same 

sulphonamide (F3C-SO2-NH2) gave (for 4) a broad range of olefins or an excellent 

selectivity for 1-butene (for 5). 

Although the sulphonyl group was not the determining factor for the selectivity 

switch, it did increase the activity of the catalytic systems compared to the (PO) 

carboxyl based catalyst. The difference in activity certainly stems from a stronger 

ability of the sulphonamide (discussed in Chapter 2) to remove electron density from 

the nickel centre, which renders the nickel more electrophilic, which in turn increases 

the reaction rate. A similar behaviour on the effect of the sulfphonyl group was noted 

by DuPont et al.. They compared complexes 14 and 15 and observed that a 
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sulphonate based complex (15) led to an increased polymerisation activity as 

depicted in Scheme 5.
[26]

 The sulphonyl group does not seem to have a beneficial 

influence on the selectivity for short oligomers. Indeed complex 15 with a sulphonyl 

group produced significantly longer chains than the carbonyl complex 14.  

 

  

 14 15 

TON 13900 20940 

activity max.* 0.7 1.2 

Mw (g/mol) 4495 254356 

Mw/Mn 4.9 106.4 

* in kgC2H4/(gNi.h) calculated from values of TON (reaction time 18h) 

Conditions 1,2,4-trichlorobenzene 10 mL, RT, 18 h, 69 bar C2H4, 10 eq. of B(C6F5)3 

Scheme 5. PO chelated zwitterionic complexes, effect of the sulphonyl group reported by DuPont et 

al.[26] 

3.2.2 Influence of the co-ligand and the H-bond on the catalyst properties 

Similar to the sulphonyl group, the labile phosphine (aminophosphine or phosphine) 

also has a strong influence on complex activity. This is clear if complexes are 

compared that have the same METAMORPhos ligand. For example, complex 4 with 

a mildly coordinating aminophosphine produced 20.5 kgoligo/(gNi.h). This value 

dropped significantly with the basic and strongly coordinating PMe3 in 6 to 6.8 

kgoligo/(gNi.h), and catalyst 7 with PCy3 (0.6 kgoligo/(gNi.h)) is almost inactive. This 

strong influence suggests that the labile ligand is in competition with ethylene for 

coordination to the metal, which corresponds to the equilibria (I)-(II) and (III)-(IV) 

of Scheme 4. Electron-rich phosphines, which exert a strong binding to the metal, 

push the equilibrium to the left with (I) or (III) as the resting state, thereby 

preventing ethylene coordination. Less basic phosphines favour ethylene 

coordination, pushing the equilibrium towards (II), which can in a second step favour 

chain growth by migratory insertion of ethylene in the ethyl chain. These 

observations are in line with previous studies on PO nickel oligomerisation catalysts 

that established co-ligand competition with ethylene.
[23,25,27]

 PMe3 has been reported 

as ligand that leads to inactive systems due to strong binding. 
[1,28]

  

As we could not isolate a non H-bonded complex with similar electronic and steric 

properties (due to instability) we cannot draw firm conclusions about the effect of the 
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hydrogen bond on the catalytic performance. The H-bond is not the discriminating 

parameter for narrow product distributions (as non-H bonded complex 8, 9 also 

produced selectively 1-butene). However, it was clear that this non-covalent 

interaction results in the stabilisation of the catalytic species while using mildly 

coordinating phosphines, giving the most reactive stable catalytic systems. The 

additional phosphine had little influence on the selectivity, as can be concluded from 

the results with complexes 1, 4, 6, 7, which are based on the same METAMORPhos 

ligand. In contrast, this co-ligand has a much greater effect in the case of SHOP 

systems as PMe3 could shift to a greater extent the oligomer distribution.
[29]

 The 

rationale behind this observation is that the labile phosphine is involved in the 

catalytic cycle and potentially in the chain termination step as suggested by Monteiro 

et al..A possible termination pathway involves the formation of a 18-electron species 

as suggested by Kuhn et al., which corresponds to intermediates (VII) or (IX) of 

Scheme 4.
[1,23]

  

3.2.3 Influence of the chelate phosphine 

Complexes 1, 4, 6, 7, 10 generated oligomers with a Schulz-Flory product 

distribution (KSF = 0.44 for 1, 4, 6, 7 and 0.57 for 10). Although in the literature it 

has not been reported the Cossee mechanism ever leads to selective 1-butene 

formation, it is in theory possible that short product distributions, centred on 1-C4, 

could be obtained. The KSF constants should be very small or close to zero (see 

Chapter 1 and experimental part).  

As Schulz-Flory constants could not be calculated from the C8-C16 oligomers for 

short oligomers distributions, they were modelled on the basis of C4 and C6 content 

and the results are presented in Table 3 (KSF = 0.04 for 3 and 8 and KSF = 0.08 for 2, 

4, 5). It appears that the determining parameter for the selectivity is the 

METAMORPhos chelate as this is the only part in the complex that is different. 

Differences in selectivity cannot be related to phosphine bulk, as bulky phosphines 9 

and 10 generated opposite values for KSF.  

It is very likely that the dependence on the chelate is due to electronic parameters 

(basicity) of the phosphine in the METAMORPhos ligand. As we did not have in 

hands the experimental values of Tolman electronic parameters for METAMORPhos 

ligand, they were estimated. For a given P(X1X2X3) phosphine the value of the 

electronic parameter is given by the formula in Figure 7 where 𝜒i corresponds to the 

electronic contribution of the substituent Xi (in cm
-1

). These substituent contributions 

were established from tabulated PX3 phosphines by 𝜒i = (𝜈PX3 - 2065.33)/3 (See SI 

for more information and values). Considering the chelate phosphine in 13 the value 

of the electronic parameter is the following: 
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𝜈METAMORPhos = 2065.33 + (𝜒R2 + 𝜒R2 + 𝜒 N=SO2R1)  

                            = 2065.33 + 2*(𝜈P(R2)3)/3 + 𝜒 N=SO2R1 

                                   = 2065.33/3 + (2/3)(𝜈P(R2)3) + 𝜒 N=SO2R1  

    𝜈METAMORPhos = (2/3). 𝜈P(R2)3 + [688.44 + 𝜒 N=SO2R1] 

Neglecting the influence of R
1
, the contribution of substituent 𝜒 N=SO2R1 can be 

considered as constant for all METAMORPhos ligands. This leads to a linear relation 

between the electronic parameter of METAMORPhos and the electronic parameter 

of the corresponding P(R
2
)3 phosphine. 

  

3 

Figure 7. Calculation of the electronic parameter 𝜈METAMORPhos for METAMORPhos ligand in the 

proposed active species. 

There is another interesting relation between the basicity of the related P(R
2
)3 

phosphines with the Schulz-Flory constant (KSF) as is clear from Figure 8. The 

Tolman electronic parameter for the phosphines correlates with the value of KSF. 

Less electron donating phosphines lead to very low values of KSF (corresponding to 

selective systems). Indeed a good linear fit, given by the equation: νCO P(R2)3 = -21,626 

KSF + 2069,2 (R² = 0,98) is obtained showing that the phosphine basicity is the main 

ligand parameter that determines the selectivity. Provided that the relation is linear 

within KSF [0-1], the best selectivity should be reached, in theory, for a P(R
2
)3 

phosphine with νCO = 2069.2 cm
-1

 which correspond to PPh3. We argue that other 

phosphines with weaker electron donating abilities (νCO >2060 cm
-1

 such as: 

P(CH=CH2)3, P(p-F-C6H4)3, P(p-Cl-C6H4)3, P(m-Cl-C6H4)3, P(CH2-CH2-CN)3 or 

even phosphites?) should outperform PPh3, (for accessible METAMORPhos see 

Chapter 2). 
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Table 3. Values of Schulz-Flory constants, based on the oligomers distribution from the oligomerisation 

of ethylene with complexes 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10. 

Ligand 

 

 

 
 

Complexes 3, 8 2, 5, 9 1, 4, 6, 7 10 

Mean KSF 0.04 0.08 0.44 0.57 

νCO (cm
-1

) 

for PR3 

2068.9 2066.6 2060.3 2056.4 

 

 

Figure 8. Correlation between Tolman electronic parameter for Ni(CO)3PR3 (phosphine basicity of 

P(R2)3) and the Schulz-Flory constant (KSF) presented in Table 3. 

These results show that the METAMORPhos chelate and the basicity of its 

phosphine are the main parameters determining the selectivity of the ethylene 

oligomerisation reaction. This linear relation strongly supports that there is only one 

mechanism that leads to a broad oligomers distribution and in optimised cases to 

selective 1-butene formation. 

The very low degree of branching observed with our catalysts is fairly comparable to 

SHOP type catalysts, which can also display linearity up to 99%.
[27]

 Recent 

calculations on SHOP systems showed that the easiest termination pathway is the 
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stepwise beta-hydrogen transfer through an axial agostic interaction (intermediates 

(VI) and (VII) of Scheme 4) and not via beta-H elimination (intermediates (VIII) 

and (IX) of Scheme 4).
[6,21]

 Also, the branching is prevented by a strong difference of 

the σ donating capacity of the two P and O atoms, which disfavours hydride 

formation, the complex that is responsible of branching and isomerisation. Moreover, 

we expect that the energy barrier between propagation and termination (possibly 

modelled by the Gibbs free energy difference) would be close to zero, a typical 

feature of oligomerisation systems producing short oligomers. Further insight in the 

detailed mechanism should come from molecular modelling. 

We speculate that the the very high selectivity for short oligomers obtained with 

METAMORPhos-based systems (compared to the SHOP system), originates from 

the electronics of the N-P bond. Surprisingly, SHOP type complexes with O-C=N-P 

chelates received less attention than the O-C=C-P chelates. Two literature references 

by Keim et al. propose the synthesis of 16 and claim “catalytic activity” of this class 

of complexes with no further detail on selectivity.
[30,31]

 However, more recently 

Peulecke et al. described the catalytic system based on 17 (a) in combination with 

Ni(COD)2, which at 100°C and 50 bar of C2H4 produced predominantly 1-butene and 

a smaller quantity of linear hexenes and octenes (75% 1-C4
=
, 20 % C6

=
, 5% C8

=
, 

activity of 2.9 kgC2H4/(gNi.h). In comparison, the system based on 17 (b) + Ni(COD)2 

was more active, affording mainly branched hexenes, probably due to co-

dimerisation.
[32]

 We argue that these systems rearranged to O-C=N-P chelates and 

that such rearrangement is responsible for the high selectivity for short olefins when 

used in combination with aryl substituents.  

  

16 17  

Figure 9. Examples of PNCO-based chelated nickel complexes from literature.[30–32] 

4 Extension to in situ catalyst screening: preliminary 

results. 

In situ formation of catalyst prior to the catalytic reactions can yield a significant 

amount of information in a short period of time because isolation of the catalytic 

species and product is no longer necessary. This strategy has already been employed 

for rapid screening of ligands in nickel catalysed oligomerisation of ethylene.
[33]

 As 
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the zwitterionic complexes formed quickly and quantitatively in solution, according 

to NMR spectroscopy, this approach is also applicable for the METAMORPhos 

based complexes. The catalysts were preformed ex situ in Schlenks and after the 

incubation time to reach quantitative complex formation, the crude mixtures were 

injected in the reactor (see Table 4). 

Catalysts 3 and 8 were selected for their ability to generate 1-butene with high 

selectivity. For these reactions the catalyst loading was increased (20 or 100 µmol). 

The formation of catalyst 3 in situ was carried out in a 4 mM solution of toluene and 

complete after 30 min at 45°C, while 8 was formed in toluene at room temperature 

after 10 min. The catalytic reactions were performed in similar conditions complexes 

3 (at 40°C) and 8 (at 80°C). Complex 3 formed in situ, was as selective as the 

isolated catalyst with, however, reduced activity. Surprisingly, at a loading of 100 

µmol the activity dropped to 2.6 kgoligo/(gNi.h) though the alpha selectivity remained 

above 99%. The activity of complex 8 was lowered by a factor of 5 when catalyst 

was formed in situ and the alpha selectivity dropped from 98.3 to 95.0 %. These 

observations could be explained by the presence of a limitation on the diffusion of 

ethylene into the solution that was not a limiting factor for the lower catalyst loading 

with the isolated catalyst. Alternatively, the 1,5-COD (or 1,3-COD) present in the 

catalytic mixture and originating from Ni(COD)2 may have interfered with the active 

species. Also high temperatures generally lead to less reproducible results, as a result 

of catalyst decomposition. 

Table 4. Catalytic oligomerisation of ethylene with complexes 3 and 8 formed in situ 

Complex 
Loading 

(µmol) 
Temperature 

mass of 

oligomers 

(g) 

Productivity[a] 

 

Product 

distribution[b] 
1-

C4
[b] 

 

1-

C6
[b] 

C4 C6 C8
+ 

3 10 40°C 4.4 5.0 93 6 1 99.7 95.5 

3 in situ 20 40°C 7.6 4.3 92 7 1 99.6 93.6 

3 in 

situ[c] 
100 40°C 22.5 2.6 94 6 0 99.2 86.7 

8 10 80°C 7.6 8.6 86 12 2 98.3 90.5 

8 in situ 20 80°C 3.3 1.9 91 8 1 95.0 89.0 

Reaction conditions : 30 bar C2H4, 40-80°C, solvent : toluene (55 mL), 90 min, [a] productivity in 

kgoligo/(gNi.h), [b] determined by GC, [c] Reaction started at 30°C to avoid exotherm. 

5 Conclusion 

The evaluation of a larger and diverse set of zwitterionic and nickel hydride 

complexes have been explored in the ethylene oligomerisation reaction. These 

complexes gave catalytically active systems producing LAO with a Schulz-Flory 
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type product distribution with activity up to 24 kgoligo/(gNi.h). The single-component 

complexes react with ethylene to form a trans-(PO,P) nickel-ethyl complex, when 

starting from a nickel hydride or a zwitterionic nickel complex. This species 

probably corresponds to the active species in ethylene oligomerisation. 

The difference in catalytic properties, allowed to determine a clear relation between 

the catalyst structure and their performances. The chelate phosphine of the 

METAMORPhos has a strong influence on the selectivity of the reaction: strongly 

donating alkylphosphines produced large Schulz-Flory distributions (KSF = 0.44 or 

0.57) while less donating aryl phosphines led to selective systems for 1-butene 

production (KSF = 0.04 or 0.08). Moreover there was a linear correlation between the 

basicity of this phosphine and the Schulz-Flory constant, which suggests that all 

these new class of catalysts produce LAO via the same mechanism. 

The co-ligands have no influence on the selectivity of the catalytic reaction. 

However, they affect the catalytic activity. Electron rich co-ligands (PMe3 or PCy3) 

led to poorly active systems due to strong binding to the metal, preventing ethylene 

coordination. Aryl P-substituted aminophosphine ligands, that are weaker 

coordinating, lead to very active systems that outperform SHOP catalysts. 

Furthermore, the hydrogen bond between the two moieties in the supramolecular 

complexes increases the stability of the complexes. Especially arylphosphine-based 

co-ligands which could be isolated and which constitute the most active complexes in 

this study demonstrated to give active and stable catalysts. 

The possibility to break down a complex catalytic system into smaller elemental 

contributions constitutes a major contribution to the comprehension of ethylene 

oligomerisation systems. Until now, with PO chelated complexes, it was only 

possible to increase the 1-butene fraction by using strongly coordinating phosphines 

(PMe3, PEt3), which consequently also decreased the catalytic activity.
[1]

 The 

catalytic system based on supramolecular ligands that we describe has 

advantageously separated contributions: the chelate rules the selectivity while the 

labile phosphine is responsible for high activity. This system offers the possibility to 

construct tailor-made catalysts for the selective production of olefins. 
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6 Experimental part 

6.1 General 

The benchmark complex Ref was prepared according to known literature procedure and 
NMR analysis was in accordance with litterature.

[34]
 Toluene from the SPS (Solvent 

Purification System MBraun) was used. NMR solvents were degassed by freeze-pump-thaw 
cycling under argon and stored over activated 3 Å molecular sieves. NMR spectra (

1
H, 

31
P{

1
H}) were measured on a BRUKER 300 MHz spectrometer. Analyses of liquid phases 

were performed on a GC Agilent 6850 Series II equipped with a PONA column. The gas 
phase for ethylene oligomerisation were analysed by gas GC on HP 6890.  

6.2 High pressure ethylene NMR experiments 

For NMR experiments, ca. 20 mg of complex were charged in a high pressure NMR tube in 
the glove box under argon and dissolved in 0.6 mL of dry, degassed C6D6. The tube was 
closed and connected outside of the glove box to ethylene supply by the screw cap. The 
ethylene pressure was set at 5 bars and the line was purged 5 times (vacuum / ethylene) to get 
rid of residual oxygen. Then the screw cap was opened to pressurise the tube, which was then 
closed, disconnected and vigorously shaken. All these operation were repeated twice to 
ensure saturation of ethylene in the tube.  

6.3 Procedure for the oligomerisation of ethylene 

The reactor of 250 mL was dried under vacuum at 100°C for 2 hours and then pressurised to 
5 bar of ethylene. The ethylene supply was closed and the reactor was cooled down at room 
temperature. Ethylene inside the reactor was evacuated, maintaining however a slight over 
pressure inside the reactor (0.4 bar). The solvent used for catalysis (toluene, 50 mL) was 
injected and then heated to 40°C (or 50°C) under magnetic stirring (1000 rpm). When the 
temperature inside the reactor was stabilised, stirring was stopped and the catalyst solution 
(10 or 50 µmol in toluene: 5 mL) was injected. Then the reactor was pressurised to 30 bar of 
ethylene and the pressure maintained by connection to a an ethylene supply cylinder (80 bar) 
positioned on a balance (semi-batch). The reaction started (t=0) with magnetic stirring (1000 
rpm) and the reaction ran for 90 min with a regular monitoring the ethylene uptake by the 
mass reduction of the ethylene supply cylinder. The reaction was stopped by closing the 
ethylene supply and cooling the reactor to 25°C (250 rpm). The gas phase was evacuated, 
quantified through a flowmeter and collected in a 30L plastic drum by water displacement 
(stirring the liquid phase to 1000 rpm was necessary to degas completely the liquid phase). 
The plastic drum containing the gas phase was shaken with residual water to homogenise the 
gas and a portion of this gas phase was collected in a glass ampulla and injected in GC. After 
all the gas fraction had been evacuated, stirring was stopped and the reactor was carefully 
opened. The liquid phase was transferred with a plastic pipette to a glass bottle cooled to 0°C 
(to minimise butene losses). The liquid phase was quantified by mass and a cold sample 
injected directly in GC.  

Catalytic experiments were duplicated and carried out to have oligomers formed in sufficient 
quantity so the mass balance between ethylene consumption and product formation is 
representative.  
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Figure 10. Oligomerisation unit T095 used for this study (on the left, ethylene ballast on a balance, on 

the right: reactor) 

6.4 Determination of Schulz-Flory constant (KSF) 

The Schulz-Flory constant KSF (also called growing factor), was calculated from the 
oligomers product distribution (% weight) determined by GC. For large product distributions, 
the value of the constant was averaged on the C8-C18 oligomers. The general formula is given 
by: 

   (
            

 
)  (        )(   )      

In which p corresponds to the number of monomer units (for ethylene p = number of carbons 
/ 2) and Cte is a constant. In practice, the determination of the constant at the degree p is 
realized between p and the consecutive oligomer p + 1 and it gives: 

   ( )  (
           

         
)  (

 

   
) 

The individual KSF constants between C8 and C18 are then averaged and correspond to the KSF 
presented in this chapter. The value of KSF is between 0 and 1. Values of KSF close to 1 
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correspond to large product distributions centered on high molecular weight oligomers while 
values close to 0 correspond to short distributions and ultimately selectivity for C4 as seen in 
Figure 11 and Table 5. For very short oligomer distributions, the constant KSF was determined 
from the C4 and C6 fractions. Some values of KSF and the resulting oligomer distribution are 
reported in Table 6 for KSF between 0.01 and 0.09. 

 

Figure 11. Ethylene oligomers wt.% distribution C4-C30 for values of the Schulz-Flory constant (KSF) 

between 0 and 1.  

Table 5. Ethylene oligomers wt.% distribution C4-C30 for values of Schulz-Flory constant (KSF) 

between 0 and 1 

wt.% 
Monomer 

units (p) 
K = K = K = K = K = K = K = K = K = 

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 

           
C4 2 85,26 71,11 57,65 45,00 33,34 22,95 14,26 7,81 3,79 

C6 3 12,79 21,33 25,94 27,00 25,01 20,65 14,97 9,37 5,11 

C8 4 1,71 5,69 10,38 14,40 16,67 16,52 13,97 10,00 6,14 

C10 5 0,21 1,42 3,89 7,20 10,42 12,39 12,22 10,00 6,90 

C12 6 0,03 0,34 1,40 3,46 6,25 8,92 10,27 9,60 7,45 

C14 7 0,00 0,08 0,49 1,61 3,65 6,25 8,39 8,96 7,83 

C16 8 0,00 0,02 0,17 0,74 2,08 4,28 6,71 8,19 8,05 

C18 9 0,00 0,00 0,06 0,33 1,17 2,89 5,28 7,37 8,15 

C20 10 0,00 0,00 0,02 0,15 0,65 1,93 4,11 6,55 8,15 

C22 11 0,00 0,00 0,01 0,06 0,36 1,27 3,16 5,77 8,07 

C24 12 0,00 0,00 0,00 0,03 0,20 0,83 2,42 5,03 7,92 

C26 13 0,00 0,00 0,00 0,01 0,11 0,54 1,83 4,36 7,73 

C28 14 0,00 0,00 0,00 0,01 0,06 0,35 1,38 3,76 7,49 

C30 15 0,00 0,00 0,00 0,00 0,03 0,22 1,04 3,22 7,22 

C14
+
 - 0,00 0,10 0,74 2,94 8,30 18,57 34,31 53,22 70,61 
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Table 6. Ethylene oligomers wt.% distribution C4-C12 for values of Schulz-Flory constant (KSF) 

between 0.01 and 0.09 

wt.% 
Monomer 

units (p) 

K = K = K = K = K = K = K = K = K = 

0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09 

           
C4 2 98,50 97,01 95,52 94,04 92,56 91,09 89,63 88,17 86,71 

C6 3 1,48 2,91 4,30 5,64 6,94 8,20 9,41 10,58 11,71 

C8 4 0,02 0,08 0,17 0,30 0,46 0,66 0,88 1,13 1,40 

C10 5 0,00 0,00 0,01 0,02 0,03 0,05 0,08 0,11 0,16 

C12 6 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,01 0,02 

6.5 Tolman cone angle and electronic parameter predication 

The electronic and steric contributions of common phosphines can be evaluated with Tolman 
cone angle and Tolman electronic parameter. The two-dimensional representation of these 
properties is called the Tolman plot and is presented in Figure 12. It is possible to 
discriminate the electronic and the steric properties. For example P(nBu)3 and P(iPr)3 have 
similar electronic but different steric properties. 

 

Figure 12. Tolman plot for common phosphines (Tolman electronic parameter vs. Tolman cone angle), 

extracted from Tolman et al.[35] 

The value of cone angle for a phosphine in the case of symmetrical and dissymmetrical 
ligands is given by the following equation where θi/2 is the value of half-angle for substituent 
i. The values of θi for one substituent correspond to the tabulated cone angle values for PR3 
ligand.  
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More simply, it is the average value of all the cone angle of each homo-substituted phosphine. 
Considering a hetero-substituted phosphine PX1X2X3 and knowing the cone angle values of 
the trisubstituted phosphines P(X1)3, P(X2)3, P(X3)3, the cone angle value for PX1X2X3 is 
θPX1X2X3=1/3 (θP(X1)3 + θP(X1)3 + θP(X1)3). For example, considering that, θPH3=87° and 
θPCy3=170°, the phosphine PCy2H has a cone angle value of: 1/3 (170+170+87) so θPCy2H = 
142 °. Some values of Tolman cone angle for common phosphines are provided in Table 7. 

Table 7. Tolman experimental cone angle for several common phosphines 

Phosphine Θ (°)  Phosphine Θ (°) 

PH3 87 PPh2(OEt) 133 

PPhH2 P(OCH2)3 101 PEt2Ph, PMePh2 136 

PF3 104 P(CF3)3 137 

Me2PCH2CH2PMe2 P(OMe)3 107 PEtPh2 140 

P(OEt)3 109 Cy2PCH2CH2PCy2 142 

P(CH2O)3 114 PPh3 145 

Et2PCH2CH2PEt2 115 PPh2(i-Pr) 150 

P(OMe)2Ph or Et 115 PPh2(t-Bu) 157 

PPh(OEt)2 116 PPh2(C6F5) 158 

PMe3 118 P(i-Pr)3 160 

Ph2PCH2PPh2 121 PBz3 165 

PMe2Ph 122 PCy3, PPh(t-Bu)2 170 

PMe2CF3, PCl3 124 P(O-t-Bu)3 175 

Ph2PCH2CH2PPh2 125 P(t-Bu)3 182 

PPh2H, P(OPh)3 128 P(C6F5)3 184 

P(O-i-Pr)3 130 P(o-Tol)3 194 

PBr3  131 P(mesityl)3 212 

PEt3 PPr3, PBu3, PPh2(OMe) 132   

 

The value of Tolman Electronic Parameter for a phosphine corresponds to the highest 

vibrational value of the carbonyl observed in infrared spectroscopy for the mono phosphine 

complexes Ni(CO)3(PX1X2X3) in cm
-1

. The reference for the scale is the very electron rich 

P(tBu)3 with a frequency of 2065.33 cm
-1

. Many values for symmetrical phosphines have 

been determined experimentally. For a given PX1X2X3 phosphine the value of the electronic 

parameter is given by the formula: 
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𝜒i corresponds to the electronic contribution of the substituent Xi (in cm
-1

). These substituent 

contributions are established from tabulated PX3 phosphines by 𝜒i = (𝜈PX3-2065.33)/3. For a 

dissymmetrical phosphine such as PCy2H, the electronic parameter is calculated as follows. 

With 𝜈PCy3= 2056.4 cm
-1

 and 𝜈PH3= 2083.2 cm
-1

, the substituent contributions are 𝜒Cy=0.1 cm
-1

 

and 𝜒H=9.03 cm
-1

. Therefore 𝜈PCy2H = 2065.33 cm
-1

. Some values of Tolman electronic 

parameter for common phosphines are provided in Table 8. Due to the high toxicity of 

Ni(CO)4 some correlations with other metals have been established and linked to the original 

displacement observed for nickel they are presented on Table 9.
[36,37] 

Table 8. Tolman electronic parameter 𝜈CO (cm-1) for common phosphines 

Phosphine 𝜈CO (cm
-1

) PPh2(OMe)  2072.0 

P(t-Bu)3  2056.1 PPh(O-i-Pr)2  2072.2 

PCy3  2056.4 P(p-Cl-C6H4)3  2072.8 

P(o-OMe-C6H4)3  2058.3 PPh2H  2073.3 

P(i-Pr)3  2059.2 PPh(OBu)2  2073.4 

PBu3  2060.3 P(m-F-C6H4)3  2074.1 

PEt3  2061.7 PPh(OEt)2  2074.2 

PEt2Ph  2063.7 PPh2(OPh)  2074.6 

PMe3  2064.1 PPh2(C6F5)  2074.8 

PMe2Ph  2065.3 P(O-i-Pr)3  2075.9 

P(p-OMe-C6H4)3, PPh2(o-OMe-C6H4)  2066.1 P(OEt)3  2076.3 

PBz3  2066.4 PPhH2  2077.0 

P(o-Tol)3  2066.6 P(CH2CH2CN)3  2077.9 

P(p-Tol)3, PEtPh2 2066.7 P(OCH2CH2OMe)3  2079.3 

PMePh2  2067.0 P(OMe)3  2079.5 

P(m-Tol)3  2067.2 PPh(OPh)2  2079.8 

PPh2(NMe2)  2067.3 PPh2Cl  2080.7 

PPh2(2,4,6-Me-C6H2)  2067.4 PMe2CF3  2080.9 

PPhBz2  2067.6 P(O-2,4-Me-C6H3)3, PH3  2083.2 

PPh2(p-OMe-C6H4)  2068.2 P(OCH2CH2Cl)3  2084.0 

PPh2Bz  2068.4  P(O-Tol)3  2084.1 

PPh3  2068.9 P(OPh)3  2085.3 

PPh2(CH=CH2)  2069.3 P(OCH2)3CR  2086.8 

P(CH=CH2)3, PPh2(p-F-C6H4)  2069.5 P(OCH2CH2CN)3  2087.6 

PPh(p-F-C6H4)2  2070.0 P(C6F5)3  2090.9 

P(p-F-C6H4)3  2071.3 PCl3  2097.0 

PPh2(OEt)  2071.6 PF3  2110.8 
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Table 9. Indirect ways to determine experimentally Tolman Electronic Parameter. 

Starting 

precursor 

Complex 

formed 

Relation with Tolman Electronic 

Parameter. 

Ni(CO)4 Ni(CO)3P TEP 

Se Se=P TEP = 0.159 
1
JPSe + 1952.3 (cm

-1
) 

Mo(CO)6 Mo(CO)5P TEP = 1.116 𝜈CO(Mo) -243 (cm
-1

) 

Rh(CO)3Cl Rh(CO)ClP2 TEP = 0.226 𝜈CO(Rh) + 1621 (cm
-1

) 
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