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P,O Ligands in the Nickel-Catalyzed 

Oligomerization 

Reaction of Ethene and Palladium-Catalyzed 

Asymmetric Hydrovinylation of Styrene 

 

 

 

Abstract 

A series of P,O phosphacycle containing nickel- and palladium-complexes have been 

prepared and evaluated respectively in the oligomerization of ethene and in the 

asymmetric hydrovinylation of styrene. The catalytic results were compared with the 

performances achieved using open-chain phosphane metal complex analogues.   
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Introduction 

 

Phosphorus heterocycles have emerged as an outstanding class of ligands for a broad 

range of catalytic applications.[1-3] A major breakthrough is represented by 

phenoxaphosphane substituted Xantphos ligands, developed in our group, which have 

been successfully applied in the hydroformylation of internal alkenes,[4, 5] 

outperforming their diphenylphosphane counterparts. 

In this particular case, donor groups such as phenoxaphosphane increase considerably 

the bite angle of the Xantphos derivatives. In fact, the catalytic property of their 

corresponding transition metal complexes is not based on the different stereo-

electronic environment generated by the single donor groups but, instead, on their 

spatial relationship exemplified in the bite angle of the ligand.[6] 

The use of phenoxaphosphane as a rigid scaffold for the construction of bidentate 

ligands with narrow bite angles has not been explored. We envisaged that the catalytic 

properties of their corresponding transition metal complexes would be very dissimilar 

from their acyclic phosphane counterparts. For this purpose, a series of hybrid ligands 

consisting of a phosphacycle functionalized with a second donor motif onto the rigid 

backbone of the phosphane (–OH 1; –O-menthyl carbonate 2) were synthesized. Their 

metal complexes were evaluated as catalysts in the appropriate metal-catalyzed 

reactions. 

 

                                               O

Ph
P

OR
Ph
P

OH

 

                                              1 = H                                      3 
                                              2 = Menthyl carbonate 
 

P,O hetero-bidentate ligand 1 was employed in the Ni-catalyzed oligomerization of 

ethene. The catalytic results were compared with the performance achieved using 

phenol-diphenylphosphane ligand 3.[7] An in-depth study of the coordination properties 

of P,O phosphane 1 containing Ni complexes was carried out revealing the importance 

of the rigidity of the ligand as control factor in the formation of the catalytic active 

species. Ligand 2, obtained by derivatization of the hydroxyl moiety of the enantiomer 

(R)-1 into a menthyl carbonate group, was used as chiral inducer in the asymmetric 
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palladium catalyzed hydrovinylation of styrene.[8] Analogously to the case of ligand 1, 

the enantio-inductive property of ligand 2 was compared to the ones of other ligands 

having similar structural features.  

 

Results and discussion 

 

Mono- and bis-ligated phosphane Ni complexes. The transformation of ethene into α 

linear olefins has been extensively studied because of its industrial importance.[9] This 

reaction is catalyzed by organonickel phosphinobenzoate (SHOP catalyst) or by 

organonickel phosphinophenolate 4. The latter serves as reference system in our study. 

Ph2
P

O
Ni

 

4 

 

Heinicke, Keim et al. have observed that an increase of the basicity of the phosphorus 

donor atom improves the catalytic performance; the Schulz-Flory distribution of the 

oligomers shifts towards the formation of long-chain polyethylenes.[10, 11] Several 

stereo-electronically diverse P,O chelating ligands have been employed for the fine-

tuning of the electrophilicity of the Ni atom.[12-14] Since no studies have appeared on 

the influence of the bite angle of P,O chelating ligands on the oligomer distribution we 

decided to synthesize new SHOP-type catalysts changing exclusively the P–O bite 

angle and to evaluate their corresponding nickel complexes as catalysts in the 

oligomerization of ethylene. Ligands that have been employed for the preparation of 

Ni complexes are compounds 1 and 7.  
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Figure 1. Structures of phenoxaphosphane 1 and 7. 
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Compound 1 was prepared according to a previously published procedure[15] while 

phosphacycle 7 was synthesized following a modified experimental procedure of 1. 

Phenthiaphosphane 7 was prepared starting from (1-ethoxyethoxy)-3-phenol 5. 

Metallation of 5 with n-butyllithium, in the presence of TMEDA, followed by reaction 

with 10-chlorophenthiaphosphane gives 6, which after deprotection affords 

phenthiaphosphane 7, scheme 1. 

OEVE
EVEO S

P
OH S

P

 

                               5                             6                                      7    

 

Scheme 1. Synthesis of phosphane 7. i) 1 eq. TMEDA, 1 eq. BuLi, Et2O/hexane, 0 °C–

r.t., overnight; ii) 1.1 eq. 10-chlorophenthiaphosphane, 0 °C, 5 h; iii) PPTS, 

ethanol/CH2Cl2, reflux, 12 h. Overall yield: 17%. 

 

Phenol-phosphanes, such as o-diphenylphosphinophenol 3, when reacted with 

[Ni(cod)2] at –20 °C (15 min)/r.t (30 min) in D8-toluene form the phosphinophenolate 

NiII complex (4), which is an excellent catalyst precursor for the oligomerization of 

ethene.[7] Ligand 1, on the other hand, when reacted with an equimolar amount of 

[Ni(cod)2], employing the same experimental conditions used for the preparation of 4, 

resulted to be far less reactive. The 1H NMR spectrum of the crude mixture, recorded 

at 20 °C, showed a signal at 4.4 ppm assigned to the (–CH) of the cod bonded to the 

nickel atom of the newly formed complex, and another signal at 5.6 ppm attributed to 

the (–CH) of the free cod displaced upon the coordination of 1 to the Ni atom, in a 1:1 

ratio. The 31P NMR spectrum at 20 °C does not display any signal. The spectroscopic 

data is in agreement with the formation of a neutral complex [Ni(cod)(1)] (8), although 

we can not rule out the formation of other species. 

O

PhP

OHNi

    

8  
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Several attempts to the formation of the corresponding organo NiII 

phenoxaphosphinophenolate complex were undertaken. Reaction of the Ni precursor 

and ligand 1 at –20 °C (15 min)/r.t (1–3 h) in D8-toluene led only to the formation of a 

dark precipitate. The inability of ligand 1 to oxidize Ni0 to NiII with consequent 

formation of the organonickel phenoxaphosphino-phenolato complex is thought to 

derive from the rigid skeleton of phosphane 1, which most likely hampers the change 

of bite angle of the P–Ni–O chelate that is required in order to pass from Ni0 (109°) to 

NiII (90°). 

O

PhP

OHNi

O

PhP

ONi

 

                             Ni0(cod)(P,OH-1)-8                                       NiII(cod)(P,O-1) 

 

Scheme 3. Synthesis of organonickel phenoxaphosphinophenolato. 

 

When two equivalents of ligand 1 were reacted with [Ni(cod)2] at –20 °C in D8-toluene 

for 15 min a sparkly orange solution is obtained. The 1H NMR spectra recorded at 10 

°C shows that the region 4–5 ppm of the spectrum is free of the characteristic olefinic 

signals of the coordinated cod while the region 5–7 ppm presents a broad peak 

corresponding to the free cod. At the same temperature, the 31P NMR spectrum shows 

two pairs of doublets in a 1:1 ratio at –20.8 and –34.0 ppm, with a coupling constant of 

JP-P = 102 Hz, (species Ia, figure 2a), and at –22.4 and –39.4 ppm displaying a 

coupling constant of JP-P = 97 Hz, (species Ib). The 31P NMR spectrum features also 

broad signals centered at –25 ppm corresponding to species IIa,b which turn into two 

singlets at –10 °C, figure 2b. The concentration of species IIa,b increased over time at 

the expense of species Ia,b, which eventually completely disappered. Variable 

temperature 31P NMR analysis in the temperature range  –60 °C/20 °C (1 h)/–60 °C 

showed that species Ia,b and IIa,b do not interconvert; instead, there is an irreversible 

transformation of Ia,b, presumably the kinetically favored compound, into species 

IIa,b. A third species, indicated as III, with chemical shifts at –31.8 and –31.9 ppm is 

present throughout the transformation of I into II. 
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Figure 2. 31P NMR spectra. a) 10 °C. b) –10 °C. 

 

The exclusive formation of complexes Ia,b could be achieved by reacting [Ni(cod)2] 

with two equivalents of ligand 1 in D8-toluene at –20 °C for 5 min, and quickly 

cooling to –60 °C. Leaving this sample 30 min at r.t resulted in the appearance of the 

peaks in the 31P NMR spectrum corresponding to species II.  

 

-20 -22 -24 -26 -28 -30 -32 -34 -36 -38 -40 ppm

Ia Ib Ia Ib

 

Figure 3. 31P NMR spectrum of Ia,b at –60 °C. 

 

The four phosphorus-phosphorus coupling constants observed for Ia,b, indicate the 

formation of a statistical mixture of diastereomeric Ni complexes with two units of 

phosphane on the same Ni center. The mass analysis of the crude mixture gave two ion 

peaks: a major one at 642 m/z and a minor one at 989 m/z, which correspond to 
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structure A (m/z: 642), with the hydroxyl groups either coordinated or free, and to 

structure B (m/z: 989), figure 4.  
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                                 A (m/z: 642.1)                         B (m/z: 989.0) 

 

Figure 4. Possible structures of Ni complexes. 

 

The particular pattern of the signals in the 31P NMR spectrum, the mass analysis, and 

the fact that all the cod is displaced from the coordination sphere of the Ni atom, 

indicates that species Ia,b correspond most likely to a trigonal Ni0 complex [Ni(1)2] A 

with only one of the hydroxyl moiety coordinated to the nickel center. Likely, the 

solvent plays a major role in the stabilization of these Ni0 species.  

The two singlets displayed in the 31P NMR, figure 2, assigned to species II can not be 

associated to a mononuclear Ni0 complex containing two ligand units since a more 

complicated pattern of signals would have emerged. Upon complete conversion of 

species I to II, the mass analysis of the crude mixture showed in the range (0–2000 

m/z) a major ion peak at 989 m/z (L/Ni = 3/2) (B, Figure 4), and three minor ion peaks 

of comparable intensity at 730 m/z (L/Ni = 2/2 + 2O) C, 1340 m/z (L/Ni = 4/3) D, 

1630 m/z (L/Ni = 5/3) E. Notably, the peak corresponding to the mononuclear 

complex A is not present. The mass spectrometry analysis in combination with the 

NMR data indicates that species II corresponds to a polynuclear [(P,O(H)-1)2(Ni)2]x 

complex of structure F, figure 5. The data, however, do not permit to assess whether 

the hydroxyl moiety coordinates to the Ni atom as Ni–OH or as Ni–O, hence the 

oxidation state of the nickel atom in species II remains unknown. 
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Figure 5. Structure of species F. 

 

The reaction of one equivalent of ligand 7 with one equivalent of precursor [Ni(cod)2] 

gave rise to the formation of an orange precipitate. This is most likely caused by the 

formation of insoluble oligomers derived from the interaction between the Ni atom and 

the sulfur atom within the phosphacycle. For this reason compound 7 was not 

considered suitable, as ligand, for the ethylene oligomerization reaction. 

 

Catalysis: Oligomerization of ethene. Ligand 1 was evaluated in the Ni-catalyzed 

oligomerization of ethene under the same reaction conditions reported for phenol-

phosphane 3, for the sake of comparison.[7] We performed experiments in toluene and 

THF in order to study the catalytic behavior of this catalyst in solvents of different 

polarity. Ni/1 gave in toluene much lower yields than phenol-phosphane 3.[7] The 

composition of the oligomeric mixture revealed a Schulz-Flory distribution with  = 

0.88, (right graph, figure 6). The same catalysts gave rise to much higher yields when 

the reaction was performed in THF and a Schulz-Flory distribution with  = 0.07 was 

obtained, (left graph, figure 6).[7, 9, 16]   
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Figure 6. Ni-catalyzed oligomerization of ethene. (Reaction conditions: P = 50 bar, T = 

80 °C, [Ni] = 0.05 mmol, [1] = 0.05 mmol, 25 mL of solvent, t = 1 h, calibration based 

on the response factor of oligomers C6-C18, internal standard = nonane)  Right graph: 

pre-catalyst in toluene, 30 min at –40  °C and warmed slowly  to r.t. Left graph: pre-

catalyst in THF, 30 min at –20 °C and warmed slowly  to r.t.. 
 

The conversions achieved in the oligomerization of ethene, although very low, 

indicates that catalyst precursor NiII phenoxaphosphinophenolate is formed in presence 

of ethene. The selectivity of the reaction using 1/[Ni(cod)2] with toluene as solvent  

 = 0.88) is higher than that obtained with catalyst 4  = 0.61) under the same 

reaction conditions. 

 

 

 

Allyl Palladium complexes [PdCl(3-C3H5)(P)]. Chiral mono-phosphanes are 

successfully used as ligands in several transition metal catalyzed transformations. The 

Pd-catalyzed asymmetric hydrovinylation reaction is a suitable test reaction for 

evaluating the enantio-discriminating properties of a chiral phosphane. Catalyst 

precursors of choice for this reaction are mono-phosphane containing Pd allyl 

complexes. The mono-phosphane ligands that have been employed for the preparation 

of Pd allyl complexes are reported below, figure 7. 

0

0.02

0.04

0.06

0.08

0.1

0.12

C
6

C
10

C
14

C
18

C
22

Carbon number

Y
ie

ld
 o

lig
o

et
h

yl
en

e 
(g

)

0

0.2

0.4

0.6

0.8

1

C
6

C
8

C
10

C
12

C
14

C
16

C
18

Carbon number

Y
ie

ld
 o

lig
o

et
h

yl
en

e 
(g

)



              P,O Ligands in the Ni-Catalyzed Oligomerization of Ethene and Pd-Catalyzed AHV of Styrene                              

                         

 91

O

P
O

O

O

O

P
O

O

O

(R)

(S)
(R)

(R)

(R)

(S)
(R)

 

2                                              9                                     

Figure 7. Hemilabile phosphanes 2 and 9. 

 

Ligand 2 is obtained by condensation of phosphane 1 with chloro menthyl carbonate in 

presence of triethylamine.[15] The same synthetic procedure is applied to the 

preparation of ligand 9, starting from 2-(2,8-dimethyl-10H-phenoxaphosphinin-10-

yl)phenol. Neutral allyl complexes [PdCl(3-C3H5)(L)] were obtained by reaction of 

the dinuclear complexes [Pd(3-C3H5)(Cl)]2 with phosphane ligands 2 and 9. The 
31P NMR spectra for [PdCl(3-C3H5)(2)] (10) and [PdCl(3-C3H5)(9)] (11) show a set 

of two signals of similar intensities which correspond to the two allyl diastereoisomers, 

scheme 4.  

  

Pd
Cl P*

Pd

ClP*

Diastereoisomers                       

Scheme 4. Allyl Pd complexes. 

 

However, the 1H NMR spectra of 10-11 gave at room temperature a set of signals 

corresponding to only one species in solution, figure 8. Complexes containing the allyl 

group are known to be more prone towards decomposition than complexes containing 

alkyl or aryl substituted allyls. The former systems, however, are easily converted to 

the corresponding catalytic species due to the higher reactivity of the unsubstituted 

allyl group. For the reasons reported above, complex 10 was employed in catalysis 

promptly after its preparation.  
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Figure 8. 1H NMR of [PdCl(3-C3H5)(9)] (11). 

 

Catalysis: Asymmetric hydrovinylation. The asymmetric hydrovinylation reaction 

involves the co-dimerization of styrene and ethylene, scheme 5. 

+ [cat]

 

                           12                         13          14        15         16 

 

Scheme 5. Asymmetric hydrovinylation reaction. 

 

The mechanism of this reaction is understood for the Pd-catalyzed asymmetric 

hydrovinylation where a metal hydride cationic complex acts as initiator.[8] Chiral 

mono-dentate phosphorus ligand containing complexes have been reported to be 

excellent catalysts for this reaction.[8] Impressive enantioselectivities were initially 

obtained using Ni-based systems, but very recently also Co- and Pd- based catalysts 

have demonstrated to be fair catalytic systems.[8, 17] Although the factors determining 

the discrimination ability of the ligands in this reaction remain poorly defined, Muller 

et al. suggested that mono-phosphanes capable of having a second donor group, acting 
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as hemilabile coordinating arm, could enhance the ee.[18] Catalyst precursor 10 was 

evaluated in the asymmetric hydrovinylation of styrene. The actual catalyst was 

prepared in situ by reacting 10 with AgBF4 in dichloromethane in the presence of 

styrene.[18] The solution was transferred immediately into the reactor which was 

subsequently pressurized with ethene. The catalytic process takes place with a 

conversion of 17% (TOF = 58 h–1) with selectivity toward 3-Ph-1-butene 13 of 91% 

and an ee of 13% (R). The trans-2-phenyl-2-butene (15)/cis-2-phenyl-1-butene (14) 

ratio was 2.5. The observed conversion is very low compared to other phosphane 

containing Pd complexes. Under similar reaction conditions, electron richer alkyl-

phosphanes are capable of inducing TOFs in the range of 600–1300 h–1.[8] Such a 

pronounced difference of activity is thought not to be due exclusively to the increased 

 acceptor character of phosphane 2, since a series of iodo-palladium phosphinite 

complexes, under milder experimental conditions, gave rise to higher conversions.[19] 

The steric features of the catalysts are more likely playing a major role in the low 

activity of these systems. Carbosilane dendron containing phosphanes showed TOFs of 

50–70 h–1 with ee’s higher than 70%.[20] It seems that the low activity observed derives 

mainly from the high steric hindrance of the phosphane employed which hampers the 

coordination of the substrate to the metal center. There are no indications of the 

involvement of the menthyl carbonate group in a hemilabile interaction with 

palladium. 

 

Conclusions 

 

A series of P,O phosphacycle containing nickel- and palladium-complexes have been 

prepared and evaluated respectively in the oligomerization of ethene and in the 

asymmetric hydrovinylation of styrene. The performance of these systems were 

compared to the analogous acyclic phosphane containing metal complexes and it was 

found that, in this particular case, the rigidity of the ligand is not beneficial for the 

catalytic performance. The restricted conformational freedom of the phosphacycle 

hampers the proper coordination of the P,O ligand in an 2 coordination fashion to a 

mononuclear square planar NiII complex to form the catalyst initiator. Coordination 

studies showed that upon reaction of ligand 1 with [Ni(cod)2] in a 2/1 ratio there is 

formation of mononuclear bis-ligated phosphane Ni complexes which evolve into 
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highly symmetric oligomeric structures. Catalyst precursor 10 induces poor 

enantioselectivity in the hydrovinilation of styrene.   

 

Experimental part 

 

All chemical manipulations were carried out under argon atmosphere using standard 

Schlenk techniques. Solvents were dried by standard procedures and freshly distilled 

under nitrogen atmosphere. Triethylamine was distilled from CaH2 under nitrogen. 

Styrene was filtered freshly over basic alumina prior to use. Compound 10-

chlorophenthiaphosphane was prepared according to a previously reported 

experimental procedure.[4] Ethene was purchased from Praxair. All other reagents were 

purchased from commercial suppliers and used as received. NMR spectra were 

recorded at 295 K on a Varian Gemini 300 spectrometer operating at 300.07 MHz 

(1H), 121.47 MHz (31P) and 75.46 MHz (13C) unless otherwise stated. Chemical shifts 

are quoted with reference to Me4Si (1H) and 85% H3PO4 (
31P). The optical rotations 

were measured using a Perkin Elmer 241-MC polarimeter. High resolution mass 

spectra were measured on a JEOL IMS-SX/SX102A. 

 

1-(1-ethoxyethoxy)-10-phenyl-10H-dibenzo[b,e][1,4]thiaphosphane (6): To a 

solution of phenol-EVE (5) (3.84 g, 23.0 mmol) and TMEDA (25.3 mmol, 2.5 mL) in 

300 mL of diethyl ether/hexane (1/2) was added dropwise a solution of n-butyllitium 

in hexane (2.5 M, 25.3 mmol, 10.1 mL) at 0 °C and the reaction mixture was allowed to 

stir overnight at room temperature. The resultant orange solution was cooled to 0 °C 

and subsequently 10-chlorophenthiaphosphane (9.6 g, 27.6 mmol) was slowly added 

with a spatula. The reaction mixture was slowly warmed to room temperature and 

allowed to stir 5 h. The color of the solution changed from orange to colorless with the 

formation of a precipitate (LiCl). The solution was canulated into another Schlenk tube 

and the solvent was removed under vacuum. The crude of reaction was dissolved in 

CH2Cl2 and washed with a deoxygenated aqueous 0.1 M HCl solution. 

The crude product is a orange oil which after filtration over silica (eluent: CH2Cl2) and 

removal of the solvent under vacuum is obtained as colorless sticky oil (3.1 g, 8.1 

mmol, 35%). 31P NMR (121.5 MHz; CDCl3): δ = –28.3 ppm. 1H NMR (300 MHz; 

CDCl3):
 δ = 1.11 (t, 3J = 7.2 Hz, 3 H), 1.20 (d, 3J = 5.1 Hz, 3 H), 3.24 (m, 1 H), 3.49 
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(m, 1 H), 5.38 (q, 3J = 5.4 Hz, 1 H), 6.92 (t, 3J = 7.2 Hz, 1 H), 7.01 (t, 3J = 6.9 Hz, 1 

H), 7.13 (dd, 3J = 3.6 Hz, 1 H), 7.20–7.40 (m, 5 H), 7.5–7.65 (m, 4 H) ppm. 

 

10-phenyl-10H-dibenzo[b,e][1,4]thiaphosphinin-1-ol (7): 1-(1-ethoxyethoxy)-10-

phenyl-10H-dibenzo[b,e][1,4]thiaphosphane (3.1 g, 8.1 mmol) was dissolved in a 3/1 

mixture of degassed ethanol and dichloromethane (140 mL). PPTS (0.24 mmol) was 

added and the solution was heated to 65 °C and stirred overnight. The mixture was 

allowed to cool down and subsequently the solvent and all volatiles were evaporated 

under vacuum to leave a white viscous oil. The product is filtered over silica (eluent: 

CH2Cl2) after that the solvent was removed under vacuum to yield a white solid (1.2 g, 

3.9 mmol, 48%). 31P NMR (121.5 MHz; CDCl3): δ = –38.3 ppm. 1H NMR (300 MHz; 

CDCl3):
 δ = 5.85 (s, 1 H, OH), 7.09 (t, 3J = 6.9 Hz, 4 H), 7.20 (t, 3J = 7.5 Hz, 2 H), 

7.29 (t, 3J = 7.8 Hz, 2 H), 7.53 (d, 3J = 7.2 Hz, 2 H), 7.60 (d, 3J = 7.8 Hz, 2 H). 

 

2-(2,8-dimethyl-10H-phenoxaphosphinin-10-yl)phenyl-2-isopropyl-5-methyl 

cyclohexyl carbonate (9): To a solution of 2-(2,8-dimethyl-10H-phenoxaphosphinin-

10-yl)phenol (100 mg, 0.31 mmol) in dichloromethane (5 mL) was added NEt3 (0.1 

mL) and the resultant mixture was allowed to stir for 30 min at room temperature. 

Subsequently (–) menthyl chloroformate (1 eq.) was added and the solution was stirred 

for an additional 2 h at room temperature. The solvent and all the volitiles were 

removed under vacuum and the product obtained was dissolved again in toluene (1 

mL) and filtered through a short silica column (eluent: toluene). The evaporation of the 

volitiles yields the products is a white colorless oil. (150 mg, 0.30 mmol, 97%). 31P 

NMR (121.5 MHz; CDCl3): δ = –66.2 ppm. 13C NMR (75.5 MHz; CDCl3): δ = 16.73, 

20.89, 21.10, 22.33, 23.66, 26.51, 31.75, 34.40, 41.05, 47.52, 79.92, 116.62-116.67, 

116.95–116.99, 117.75, 121.93, 126.78, 130.32, 132.04–132.13, 133.02–133.06–

133.17–133.20, 133.49, 135.34, 135.47, 135.81, 135.94, 153.08, 153.34, 153.55, 

154.12, 154.33 ppm. 1H NMR (300 MHz; CDCl3):
 δ = 0.80–1.90 (m, 18 H), 2.30 (s, 6 

H), 4.80 (m, 1 H), 6.80 (m, 1 H), 7.00–7.35 (m, 7 H), 7.40 (m, 2 H) ppm. []D
25

 = –5.1 

(c = 3.28, CHCl3). (HRMS, FAB+): m/z: calcd for C31H35O4P: 502.2273; found: 

503.2351 [M + H] +. 
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[PdCl(3-C3H5)(2)] (10): A solution of phosphane 2 (18.6 mg, 0.04 mmol) in 

dichloromethane (3 mL) was added to a solution of [Pd(3-C3H5)(Cl)]2 (6.52 mg, 

0.02 mmol) in dichloromethane (3 mL). The yellow solution was stirred for 1 h. The 

solvent was then evaporated to afford 12 as a pale yellow solid. (24 mg, 0.036 mmol, 

91%). 31P NMR (121.5 MHz; CD2Cl2): δ = –21.8, –23.6 ppm. 1H NMR (300 MHz; 

CD2Cl2):
 δ = 0.80 (m, 3 H), 0.95 (m, 6 H), 1.05 (m, 1 H), 1.4 (m, 2 H), 1.50–1.80 (m, 5 

H), 2.11 (br., 1 H), 3.15 (br., 1 H), 3.20–3.80 (br., 2 H), 4.40 (m, 1 H), 4.60 (br., 1 H), 

5.63 (br., 1 H), 7.05 (m, 1 H), 7.10–7.30 (m, 3 H), 7.30–7.50 (m, 4 H), 7.54 (t, 3J = 9 

Hz, 1 H), 7.70–7.90 (br., 3 H) ppm. (HRMS, FAB+): m/z: calcd for C32H36ClO4PPd: 

656.1075; found: 621.1386 [M – Cl] +.  

 

[PdCl(3-C3H5)(9)] (11): Experimental procedure as reported for 10; yield 93%. 31P 

NMR (121.5 MHz; CDCl3): δ = –19.6, –19.8 ppm. 13C NMR (125.7 MHz; CDCl3): δ = 

16.53, 21.00, 21.03, 21.14, 22.25, 23.41, 26.21, 26.24, 31.63, 34.26, 40.93, 47.41, 

60.46, 78.93, 79.21, 79.94, 117.92, 117.94, 118.53, 121.93, 122.02, 125.46, 125.53, 

132.22, 133.37, 133.46, 133.53, 133.63, 133.70, 135.43–135.59–135.66–135.70–

135.81–135.86, 151.91, 152.40, 153.64 ppm. 1H NMR (500 MHz; CDCl3):
 δ = 0.80 (s, 

3 H), 1.03 (ds, 7 H), 1.10 (m, 2 H), 1.51 (m, 2 H), 1.71 (m, 2 H), 2.1 (m, 2 H), 2.43 (s, 

6 H), 2.92 (dd, 2J 3J = 11.5 Hz, 1 H), 3.20 (s br., 1 H), 3.72 (dd, 2J 3J = 12.0 Hz, 1 H), 

4.51 (m, 1 H), 4.73 (s br., 1 H), 5.62 (m, 1 H), 7.00–7.30 (m, 7 H), 7.46 (m, 1 H), 7.75 

(t, J = 14.5 Hz, 1 H), 7.80 (t, J = 15.5 Hz, 1 H) ppm. (HRMS, FAB+): m/z: calcd for 

C34H40ClO4PPd: 684.1388; found: 649.1733 [M – Cl] +. 

 

NMR experiments: Formation of monoligated Ni complexes. A solution of 1 (11 mg, 

0.038 mmol) dissolved in D8-toluene (0.7 mL) was added to [Ni(cod)2] (10 mg, 0.036 

mmol) at T = –20 °C. Stirring was continued for 15 min at T = –20 °C and for 30 min 

at r.t. 1H and 31P spectra were recorded. Formation of bis-ligated Ni complexes: a 

solution of 1 (22 mg, 0.076 mmol) dissolved in D8-toluene (1 mL) was added to 

[Ni(cod)2] (10 mg, 0.036 mmol) at T = –20 °C and the resultant solution was stirred for 

15 min. The formation of the products was followed by 1H and 31P spectroscopy[7]. 

 

Oligomerization experiments: Preparation of precatalyst: 1 (15 mg, 0.05 mmol) were 

dissolved in THF or toluene (2.0 mL) and added to a solution of [Ni(cod)2] (14 mg, 
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0.05 mmol) in THF or toluene (3.0 mL) at T = –20 °C. In both cases, a light orange 

solution was formed and stirring was continued for 30 min at T = –20 °C. 

Oligomerization reaction: An argon-filled stainless steel autoclave, equipped with a 

mechanical stirrer and a temperature controller, was loaded with solvent (25 mL) as 

well as the internal standard nonane. The precatalyst solution was introduced into the 

autoclave, which was immediately pressurized to 50 bar with ethylene and heated 

within 40 min to T = 80 °C. The pressure increased to approximately 64 bar. After 30 

min the autoclave was cooled down with an ice-bath and subsequently depressurized. 

Oligomers were analyzed by GC[7]. 

 

Hydrovinylation experiments: Hydrovinylation experiments were performed in a 

stainless steel autoclave equipped with a mechanical stirrer. A mixture of neutral 

palladium complex 10 (0.036 mmol), AgBF4 (7.1 mg, 0.036 mol), styrene (36 mmol), 

ethylbenzene (1 mL) in 10 mL of dry CH2Cl2 was stirred for 10 min in the dark. After 

filtering off the AgCl formed, the solution was placed in the autoclave. Ethene was 

admitted until a pressure of 15 bar was reached. After 3 h the autoclave was slowly 

depressurized and NH4Cl 10% solution (20 mL) was added. The mixture was stirred 

for 10 min in order to quench the catalyst. The organic layer was decanted off and 

dried with MgSO4. The quantitative distribution of products and their ee were 

determined by GC analysis.[17, 18]  
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