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Asymmetric PO-type ligands are versatile platforms for palladium and nickel catalyzed ethylene poly-
merization as well as copolymerization of ethylene with polar monomers. In this work, a series of phos-
phinoamine phosphoramidate/phosphoramide ligands and the corresponding palladium/nickel catalysts
were prepared, characterized and investigated in ethylene polymerization as well as copolymerization of
ethylene with various polar monomers. The palladium and nickel complexes exhibited high activities in
ethylene (co) polymerization, generating high-molecular-weight polyethylenes and copolymers of ethy-
lene and polar monomers. The introduction of electron-donating substituents in the palladium catalytic
system can significantly increase polymer molecular weights while maintaining high ethylene (co)poly-
merization activities. The less electronic donating substituents in the nickel catalysts led to increased cat-
alytic activities in both ethylene polymerization and copolymerization with polar monomers. These
results demonstrate the importance of ligand electronic effect in tuning the properties of nickel and pal-
ladium catalysts in ethylene polymerization and copolymerization reactions.

� 2020 Published by Elsevier Inc.
1. Introduction

Polyolefins have become the most common synthetic polymers,
representing almost half of the plastics produced worldwide [1].
However, the non-polar nature of polyolefins limits their applica-
tions. The introduction of polar functional groups can not only
improve important properties such as adhesion, compatibility
and dyeability, but also provide a way to synthesize novel types
of functional materials [2–11]. Compared with early transition
metal catalysts, late transition metal catalysts exhibit lower
oxophilicity. As a result, late-transition-metal catalyzed olefin
copolymerization with polar monomers provides a direct and
potentially economic route to access functionalized polyolefins
[12–15]. For instance, Brookhart et al. discovered the a-diimine
palladium and nickel catalysts in the 1990s (Chart 1, A) [16,17].
These catalysts exhibit high activities in ethylene polymerization,
generating high molecular weight polyethylenes. Markedly, the
a-diimine palladium catalyst can mediate olefin copolymerization
with acrylates, vinylalkoxysilanes, and some comonomers bearing
polar groups not directly attached to the C@C bond, affording
branched polar functionalized polyolefins [18–34]. In 2002, Drent
et al. reported that phosphine-sulfonate palladium catalysts can
mediate the copolymerization of ethylene with alkyl acrylate
(Chart 1, B) [35], generating linear copolymers. It was shown that
this catalytic system is capable of copolymerizing ethylene with
many challenging comonomers bearing polar groups directly
attached to the C@C bond [36–44].

Since the electronic asymmetry of the P,O-type structure is
believed to be critical for phosphine-sulfonate palladium catalyzed
copolymerization [37,45,46], various ligands bearing both strongly
and weakly r-donating moieties have been developed subse-
quently. For example, the electronically asymmetric [P,P@O] catio-
nic palladium catalysts (Chart 1, C) for olefin copolymerization
with functionalized monomers were discovered by Nozaki and
coworkers [47]. Chen and coworkers reported the phosphine phos-
phonic amide palladium catalysts (Chart 1, D). These catalysts are
highly active in copolymerization of ethylene with polar functional
monomers [48]. Carrow and coworkers reported an efficient phos-
phine phosphonic diamide palladium catalyst system (Chart 1, E),
which is capable of copolymerizing of ethylene with polar mono-
mers such as methyl acrylate, butyl acrylate, vinyl butyl ether
and acrylic acid, generating high molecular weight copolymers
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Chart 1. Selected palladium and nickel catalysts for olefin copolymerization with polar monomers.

Scheme 1. Syntheses of ligands and catalysts.
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[49]. Jordan and coworkers reported the studies of some phosphine
phosphonate palladium catalysts (Chart 1, F). These catalysts can
copolymerize ethylene with methyl acrylate and acrylic acid [50].
Recently, Chen and coworkers reported a versatile phosphi-
noamine phosphonic amide (PNPO) ligand platform. Both the pal-
ladium and nickel catalysts can catalyze ethylene
copolymerization with polar monomers (Chart 1, G) [51,52]. It
was envisaged that the combination of the ligand-rigidity effect
[53,54], the bulky substituents, and the electronic-asymmetry nat-
ure of the [P,O]-type ligands enables the high-performances of this
type of catalysts.

As part of our ongoing efforts in exploring the applications of
versatile ligands for palladium and nickel catalyzed ethylene poly-
merization as well as copolymerization with polar monomers, we
became interested in phosphinoamine-phosphoramidate and
phosphinoamine-phosphoramide ligands (Chart 1, This work,
X = NR2 or OR type groups). It is hypothesized that these ligands
bearing two amino/alkoxy groups on the P@O moiety could main-
tain the superior features of PNPO type ligands including bulky
substituents, electronic-asymmetry and ligand-rigidity. Mean-
while, the installation of amino/alkoxy groups can provide addi-
tional flexibilities in tuning electronic natures of these ligands,
since the P(O)(NR2)2 groups are more electronic donating while
the P(O)(OR)2 groups are less electronic donating compared with
the P(O)Ph2 group [Hammett constants: P(O)(NMe2)2, rm = 0.30;
P(O)Ph2, rm = 0.38; P(O)(OMe)2, rm = 0.42] [55]. This subtle elec-
tronic effect could exert significant influences on the properties of
these nickel and palladium catalysts in ethylene polymerization
and copolymerization reactions.
2. Results and discussion

The ligands L1-L3, L10-L50 can be easily prepared in a modular
fashion in good yields (Scheme 1). The intermediates bearing
piperidinyl, morpholino, diethylamino and alkoxy groups have
been reported before [56–59]. The ligands L1-L3 bearing two 2-
MeOC6H4 groups (Ar1 = Ar2 = 2-MeOC6H4) and the ligands L10-L50

bearing a sterically bulky biaryl substituent (Ar1 = Ph, Ar2 = 2-[20,
60-(MeO)2-C6H3]-C6H4) were synthesized. Subsequently, the palla-
dium catalysts Pd1-Pd3 were synthesized from the reaction of the
ligands L1-L3 with 1 equiv. (COD)PdMeCl in high yields. The com-
plexes Ni1-Ni5 were prepared from L10-L50, [(allyl)NiCl]2 and
sodium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (NaBAF)
[51]. The ligands were characterized by 1H NMR, 13C NMR, 31P
NMR and electrospray ionization mass spectrometry (ESI-MS)
analyses. The catalysts were characterized by 1H NMR, 13C NMR,
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31P NMR and elemental analyses. The catalysts Pd-Ph and Ni-Ph
were previously reported, and prepared accordingly in this study
for comparison purposes [51].

Single crystals of complexes Pd1 and Ni3 were prepared from
slow diffusion of Et2O into a concentrated toluene solution. The
molecular structures of Pd1 and Ni3 were determined by X-ray
diffraction analysis (Fig. 1). The Pd or Ni center adopts a square pla-
nar geometry in each complex. The steric hindrance of the sub-
stituents on the phosphine moiety directly affects the steric
environment around the Pd or Ni center. In contrast, the
phosphine-oxide side is sterically open. For this type of palladium
complexes, it was demonstrated that the smaller steric hindrance
(Ar1 = Ar2 = 2-MeOC6H4) facilitates the insertion of polar mono-
mers and polymerization activity without affecting the molecular
weight of the polymer. In contrast, for nickel complexes, the steric
hindrance associated with the bulky substituent (Ar1 = Ph, Ar2 = 2-
[20,60-(MeO)2-C6H3]-C6H4) can result in significantly increased
activity and molecular weight of polyethylene [51]. Consequently,
we designed the palladium complexes based on the small steric
hindrance on the phosphorus and the nickel complexes with a
bulky substituent on phosphorus. The ligand electronic effect
was modulated through the substituents on the phosphorus oxy-
gen side.

These palladium complexes exhibit high activities in ethylene
homopolymerization by the activation of 1.2 eq. sodium tetrakis
(3,5-bis(trifluoromethyl)phenyl)borate (NaBAF) (Table 1, entries
1–5). It was observed that Pd3 resulted in the highest activity as
well as the highest polyethylene molecular weight (Mn = 8.8 � 104-



Fig. 1. Molecular structures of Pd1 and Ni3. Hydrogen atoms and BAF were omitted for clarity. Selected bond distances (Å) and angles (deg) for: (left) Pd1: Pd1-P1 = 2.1959
(14), Pd1-C31 = 2.031(5), Pd1-O1 = 2.268(4), Pd1-Cl1 = 2.3427(17); C31-Pd1-Cl1 = 91.10(18), O1-Pd1-P1 = 79.27(10); (right) Ni3: Ni1-P1 = 2.1894(18), Ni1-O1 = 1.875(5), Ni1-
C35 = 1.984(7), Ni1-C36 = 1.949(9), Ni1-C37 = 2.005(8); C35-Ni1-C37 = 73.0(3), O1-Ni1-P1 = 90.11(14).

Table 1
Pd and Ni catalyzed ethylene homopolymerization.a

Ent. Cat. T(�C) Yield(g)b Act.(106)b Tm (�C)c Mn(104)d Mw/Mn
d

1 Pd1 80 2.1 1.1 134.8 3.2 5.9
2 Pd2 80 4.2 2.1 134.3 2.6 4.1
3 Pd3 60 0.3 0.2 137.1 8.8 4.3
4 Pd3 80 6.4 3.2 136.8 7.0 4.6
5 Pd3 100 3.1 1.6 134.4 3.0 4.7
6e Pd-Ph 80 5.0 2.5 128.7 1.4 3.3
7 Ni1 80 0.9 0.2 124.7 1.4 1.8
8 Ni2 80 3.6 0.7 119.3 1.0 2.0
9 Ni3 80 0.3 0.06 127.5 1.6 2.4
10 Ni4 80 4.5 4.5 128.0 1.4 2.0
11 Ni5 80 1.6 1.6 126.4 1.4 2.0
12e Ni-Ph 80 4.0 4.0 130.2 3.8 2.6

a Polymerization conditions: for Pd, catalyst = 2 lmol, 1.2 eq. NaBAF, toluene = 18 mL, CH2Cl2 = 2 mL, ethylene = 8 atm, 1 h; for Ni: Ni1-Ni3 catalyst = 5 lmol, Ni4-Ni5
catalyst = 1 lmol, toluene = 18 mL, CH2Cl2 = 2 mL, ethylene = 8 atm, 1 h.

b The yields and activities are average of at least two runs. Activity is in unit of 106 g�mol catalyst�1�h�1.
c Determined by differential scanning calorimetry (DSC).
d Determined by GPC in trichlorobenzene at 150 �C.
e Previously reported results.
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g/mol) and melting point (137.1 �C). Temperature dependence
studies showed that the molecular weight decreased with increas-
ing temperature (Table 1, entries 3–5). Nevertheless, a relatively
high polymer molecular weight (Mn = 3.0 � 104 g/mol) was
achieved even at 100 �C, compared with the catalyst Pd-Ph
(Mn = 1.4 � 104 g/mol at 80 �C). Moreover, the time-dependence
studies show that Pd3 remains highly active for 2 h at 100 �C
(Fig. 2, A). It was indicated the catalyst Pd3 exhibited higher ther-
mal stability compared with Pd-Ph [51]. The catalyst Pd3 decay
more slowly than Pd-Ph at 100 �C (Figure S1, A). The Pd catalysts
give high PDI values in ethylene polymerization. This is ascribed
to the thermal instability of the PNPO-Pd catalysts during polymer-
ization, since the formation of small amount of Pd(0) black forma-
tion was observed. Mecking et al. reported a relevant
decomposition pathway in which the reductive elimination from
the Pd hydride complexes lead to deactivation of catalysts as well
as generation of Pd(0) [60].

Both Pd1, Pd2 and Pd3 resulted in higher molecular weight and
melting point of polyethylene products compared with Pd-Ph [51].
This may result from the electronic effects. To provide a clear
investigation on the electron-donating/withdrawing effects of sub-
stituents, computational studies based on density functional the-
ory (DFT) calculations were performed. Here, the model
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molecules (Pd10, Pd20, Pd30, and Pd-Ph0) were used (Scheme S1).
It was indicated that the Mulliken charge values on the Pd centers
follow the orders: Pd10 � Pd20 � Pd30 > Pd-Ph0 (Table S1). Conse-
quently, the P(O)(NR2)2 groups are more electronic donating com-
pared with the P(O)Ph2 group. Therefore, the introduction of
electron-donating substituent groups in these palladium com-
plexes is beneficial to significantly increase the melting point and
molecular weight and maintain a relatively high ethylene polymer-
ization activity, since electron-donating substituents could lead to
increased electron density on the Pd center as well as decreased b-
H transfer rate, resulting in improved molecular weight of poly-
ethylene [30,41,61,62]. The catalyst Pd3 led to higher molecular
weights and activities than those of Pd1 and Pd2. This could be
due to the flexibility of the ethyl groups resulting in improved
steric hindrance compared with the constrained cyclic groups
[63,64].

The nickel complexes exhibited high activities (up to 4.5 � 106

g�mol�1�h�1) in ethylene polymerization in the absence of and
cocatalysts or scaverngers at 80 �C (Table 1, entries 7–11), indicat-
ing they are potentially suitable for industrially used gas-phase
ethylene polymerization conditions (80–100 �C) [65]. The activities
of Ni1, Ni2 and Ni3 were much lower than those of Ni-4 and Ni-5
(Table 1, entries 7–11). Moreover, Ni4 resulted in higher activity
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Fig. 2. (A) Plot of yield of polyethylene versus time (Pd3 and Pd-Ph) (Conditions: Pd3 and Pd-Ph 2 lmol, ethylene 0.8 MPa, CH2Cl2 2 mL, toluene 20 mL, 100 �C). Pd-Ph:
reported. (B) Plot of yield of polyethylene versus time (Ni4 and Ni-Ph) (Conditions: Ni4 and Ni-Ph 2 lmol, ethylene 0.8 MPa, CH2Cl2 2 mL, toluene 20 mL, 80 �C). Ni-Ph:
reported.
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compared with Ni5. To investigate the influence of substituent
electronic effects in Ni catalyzed ethylene polymerization, DFT cal-
culations were performed. Herein, the model molecules (Ni20, Ni-
Ph0, Ni40, and Ni50) were used (Scheme S1). It was indicated that
the Mulliken charge values on the Ni centers follow the orders:
Ni20 > Ni-Ph0 > Ni50 > Ni40 (Table S1). Consequently, the P(O)
(NR2)2 groups are more electronic donating while the P(O)(OR)2
groups are less electronic donating compared with the P(O)Ph2

group. In addition, P(O)(OiPr)2 is less electronic donating compared
with P(O)(OMe)2. These results suggested that less electronic
donating substituents in the nickel catalysts led to increased cat-
alytic activities. It was suggested that the electron-withdrawing
substituents can reduce of the electron density from the Ni center
and lead to increased ethylene insertion rate associated with
improved catalytic activity [41,66,67]. The catalyst Ni-Ph resulted
in high activity and higher molecular weight of polyethylene com-
pared with Ni1–Ni5 (Table 1, entry 12). This may result from steric
effects. The steric maps were generated by using the SambVca 2.1
A tool [68] (Figure S2). Here, the single crystal structure of the cat-
alyst Ni-Ph-OMe (Scheme S2), a simulant of Ni-Ph, was used. It
was indicated that the %Vbur (percentage of the sphere (r = 3.5 Å)
around the metal occupied by ligand) of Ni-Ph-OMe (56.5) is about
a fifth higher than that of Ni3 (48.0), indicating the catalysts Ni-Ph-
OMe and Ni-Ph are sterically bulkier compared with Ni3. The time-
dependence studies showed that Ni4 remains highly active for 2 h
at 80 �C (Fig. 2, B), and demonstrated similar thermal stability com-
pared with Ni-Ph (Figure S1, B).

The palladium complexes Pd1-Pd3 can mediate ethylene
copolymerization with polar co-monomers such as methyl acrylate
(MA), acrylic acid (AA) and allyl chloride, with moderate activities
(up to 3.0 � 104 g�mol�1�h�1), affording copolymers with moderate
molecular weights (Mn up to 1.03 � 104 Da), high copolymer melt-
ing temperatures (up to 118.0 �C) and high comonomer incorpora-
tion ratios (up to 9.3%) (Table 2). Most importantly, Pd3
demonstrated much higher activity and copolymer molecular
weights than those of Pd-Ph while maintaining similar level of
comonomer incorporation. This further demonstrates the benefi-
cial effects of electron-donating substituents in these palladium
complexes.

The nickel complexes exhibited high activities (up to 1.8 � 105

g�mol�1�h�1) in ethylene copolymerization can copolymerize ethy-
lene with a variety of polar monomers, including MA, 6-chloro-1-
hexene, methyl 10-undecenoate, methyl 5-norbornene-2-
carboxylaten and vinyltrimethoxysilane in the absence of any
cocatalyst or protecting reagents (Table 3, entries 1–12). This is
one of the very few single-component nickel catalyst systems that
can copolymerize ethylene effectively with a variety of polar
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monomers affording copolymers with good co-monomer incorpo-
ration (1.0–4.2%) and moderate molecular weights (Mn up to
8.7 � 103 Da). The co-monomer incorporation ratios of the nickel
complexes Ni1-Ni5, are higher than that of Ni-Ph in ethylene-MA
copolymerization (Table 3, entry 6). This may result from steric
effects (Figure S2). The nickel catalysts bearing electronic with-
drawing P(O)(OR)2 groups resulted in significantly increased activ-
ities compared with Ni1, Ni2 and Ni3 (Table 3, entries 4 versus 1–
3; 7 versus 11; 10 versus 12). This further demonstrates the bene-
ficial effects of electron-withdrawing substituents in this Ni cat-
alytic system. The catalyst Ni4 resulted in higher molecular
weights than those of Ni2, probably due to the relatively lower
incorporation ratios of polar monomers. The catalytic activities of
Ni4 were slightly higher than those of Ni-Ph in ethylene copoly-
merization with 6-chloro-1-hexene, methyl 10-undecenoate,
methyl 5-norbornene-2-carboxylaten and vinyltrimethoxysilane
(Table S2, entries 1–4), indicating their catalytic performance are
similar in copolymerization of ethylene with special polar mono-
mers bearing a spacer between the polar group and the double
bond.

3. Experimental

3.1. General

All experiments were carried out under a dry nitrogen atmo-
sphere using standard Schlenk techniques or in a glovebox. Deuter-
ated solvents used for NMR spectroscopy were dried and distilled
prior to use. 1H, 13C, 19F, and 31P NMR spectra were recorded on
a Bruker AscendTm 400 spectrometer at ambient temperature
unless otherwise stated. The chemical shifts of the 1H and 13C
NMR spectra were referenced to tetramethylsilane, while the 31P
NMR spectra were referenced to an external 85% H3PO4 solution.
Coupling constants are in Hz. Elemental analyses were performed
by the Analytical Center of the University of Science and Technol-
ogy of China. X-ray diffraction data were collected at 298 (2) K on a
Bruker Smart CCD area detector with graphite-monochromatedMo
Ka radiation (k = 0.71073 Å). Molecular weights and molecular-
weight distributions of the polymers were determined by gel per-
meation chromatography (GPC) using an Agilent PL-220 chro-
matograph equipped with two Agilent PLgel Olexis columns
operating at 150 �C using o-dichlorobenzene as the solvent. The
system was calibrated with a polystyrene standard and chro-
matograms were corrected for linear polyethylene through univer-
sal calibration using the Mark–Houwink parameters of Rudin: K =
1.75� 10�2 cm3/g and R = 0.67 for polystyrene, and K = 5.90 � 10�2

cm3/g and R = 0.69 for polyethylene. Dichloromethane, THF, and



Table 2
Pd catalyzed copolymerization of ethylene with polar monomers.a

Ent. Cat. Comonomer Yield(g)b Act.(104)b XM (%)c Tm (�C)d Mn(103) e PDIe

1 Pd1 MA 1.2 1.0 4.7 106.4 6.2 2.2
2 Pd2 MA 1.4 1.2 5.6 110.1 8.8 2.3
3 Pd3 MA 3.6 3.0 6.5 102.9 10.3 2.2
4e Pd-Ph MA 2.0 1.7 6.8 100.6 6.1 2.5
5 Pd1 AA 0.7 0.6 9.3 114.6 2.6 2.8
6 Pd2 AA 1.2 1.0 3.6 118.0 3.2 2.9
7 Pd3 AA 1.8 1.5 6.5 113.3 3.1 3.0
8e Pd-Ph AA 0.9 0.8 6.3 112.6 2.8 2.9
9 Pd3 0.1 0.1 1.8 121.5 4.4 2.5

a Polymerization conditions: total volume of solvent and polar monomer (1 M/L) = 20 mL, catalyst = 20 lmol, ethylene = 8 atm, 80 �C, time = 6 h.
b The yields and activities are average of at least two runs. Activity is in unit of 104 g�mol�1�h�1.
c Determined by 1H NMR in C2D2Cl4 at 120 �C.
d Determined by DSC.
e Determined by GPC in trichlorobenzene at 150 �C. e Previously reported.

Table 3
Ni catalyzed copolymerization of ethylene with polar monomers.a

Ent. Cat. Comonomer Yield(g)b Act. (103)b XM (%)c Tm (�C)d Mn(103) e PDIe

1 Ni1 MA 0.14 1.2 3.0 112.1 4.3 2.8
2 Ni2 MA 0.17 1.4 3.7 111.7 3.9 2.7
3 Ni3 MA 0.31 2.6 2.8 110.1 4.8 2.2
4 Ni4 MA 1.21 10.1 2.2 117.8 6.6 2.2
5 Ni5 MA 0.35 2.9 3.1 113.9 6.2 2.4
6 Ni-Ph MA 0.7 5.8 2.1 123.0 9.9 2.2
7 Ni4 0.40 160.0 1.2 119.5 7.2 2.0
8 Ni4 0.45 180.0 2.9 112.2 5.2 2.2
9 Ni4 0.13 52.0 1.0 123.7 8.7 1.8
10 Ni4 0.43 72.0 2.4 118.3 7.0 1.9
11 Ni2 0.10 40.0 1.4 109.4 5.8 2.2
12 Ni2 0.13 52.0 4.2 103.7 4.5 2.7

a Polymerization conditions: total volume of solvent and polar monomer (1 mol/L) = 20 mL, Entry1-6: catalyst = 20 lmol, ethylene = 8 atm, 80 �C, time = 6 h. Entry 7–
12:catalyst = 5 lmol, time = 30 min.

b The yields and activities are average of at least two runs. Activity is in unit of 104 g�mol�1�h�1.
c Determined by 1H NMR in C2D2Cl4 at 120 �C.
d Determined by DSC.
e Determined by GPC in trichlorobenzene at 150 �C.
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hexanes were purified in solvent purification systems. The inter-
mediates (N-Phenyl-P,P-di-1-piperidinylphosphinic amide, P,P-Di-
4-morpholinyl-N-phenylphosphinic amide and N,N,N0,N0-
Tetraethyl-N00-phenylphosphoric triamide) [52–55], PhArPCl and
chlorobis(2-methoxyphenyl)phosphine [47] were prepared by lit-
erature procedures. Spectral data for [BAF]� counterion. The 1H
NMR resonances and 13C NMR resonances of the [B-(3,5-
C6H3(CF3)2)4]� anion were the same for the different cationic nickel
complexs and not repeated in the spectral data reported for each of
the catalyst. 1H NMR (400 MHz, CDCl3) d 7.75(s, 8H, Hp BAF), d 7.53
(s, 4H,Ho BAF). 13C NMR (101MHz, CDCl3) d 161.90 (q, JCB = 49.5 Hz,
Cipso), 134.97 (s, Cp), 129.12 (q, JCF = 31.5 Hz, Cm), 124.71
(q, JCF = 272.5 Hz, CF3), 117.65 (s, Co).

3.2. Ligand synthesis

Preparation of L1. N-Phenyl-P,P-di-1-piperidinylphosphinic
amide (3.0 g, 10.0 mmol) was dissolved in dry THF (100 mL) under
nitrogen and cooled to 0 �C, and nBuLi (2.5 M in hexane, 4 mL,
10.0 mmol) was added dropwise. The resulting solution was stirred
for 12 h at room temperature after which chlorobis(2-methoxyphe
nyl)phosphine (2.8 g, 10.0 mmol) was added slowly at �78 �C. The
mixture was stirred for another 24 h at room temperature after
which it was evaporated to dryness under vacuum. The solid was
dissolved in CH2Cl2 (200 mL) and filtered. The filtrate was evapo-
rated to dryness under vacuum and the residue was washed with
MeOH to yield a white solid (3.3 g, 56%). 1H NMR (400 MHz,
CDCl3): d 7.35–7.27 (br, 2H), 7.22 (t, J = 8.0 Hz, 2H), 7.07
285
(d, J = 8.0 Hz, 2H), 6.87 (t, J = 8.0 Hz, 2H), 6.85–6.75 (m, 3H),
6.73–6.67 (br, 2H), 3.68 (s, 6H), 3.25–3.05 (br, 8H), 1.55–1.38 (m,
8H), 1.37–1.28 (br, 4H). 31P NMR (CDCl3, 162 MHz): d 44.9
(d, J = 70.4 Hz), 18.4 (d, J = 70.4 Hz). 13C NMR (101 MHz, CDCl3):
d 160.3 (s), 160.1 (s), 141.8 (d, JPC = 6.0 Hz), 133.4 (d, JPC = 3.0 Hz),
130.1 (s), 128.6 (d, JPC = 2.0 Hz), 127.2 (s), 125.6 (d, JPC = 3.0 Hz),
125.4 (d, JPC = 3.0 Hz), 124.5 (s), 120.1 (s), 109.6 (s), 55.1 (s), 46.3
(s), 26.2 (d, JPC = 2.0 Hz), 24.6(s). ESI-MS (m/z): [M+H]+Calcd for
C30H40N3O3P2, 552.2545; Found: 552.2537.

Preparation of L2. Similar procedure as above L1 was
employed except P,P-Di-4-morpholinyl-N-phenylphosphinic
amide (3.1 g, 10.0 mmol) was used. L2 was obtained as a light
white solid (2.7 g, 49%). 1H NMR (CDCl3, 400 MHz): d 7.32–7.23
(m, 6H), 7.08 (d, J = 8.0 Hz, 2H), 6.92 (t, J = 8.0 Hz, 2H), 6.88–6.80
(m, 3H), 6.75–6.72 (m, 2H), 3.69 (s, 6H, OMe), 3.54–3.50 (m, 4H),
3.43–3.40 (m, 4H), 3.25–3.22 (m, 8H). 31P NMR (CDCl3,
162 MHz): d 45.8 (d, JPP = 69.5), 16.6 (d, JPP = 69.5 Hz). 13C NMR
(CDCl3, 101 MHz): 160.5(s), 160.3(s), 141.3(d), 133.3(s), 127.7(s),
124.9(s), 120.4(s), 110.0(s), 67.0(d), 55.2(s), 45.7(s). ESI-MS (m/z):
[M+H]+ Calcd for C28H36N3O5P2, 556.2130; Found:556.2119.

Preparation of L3. Similar procedure as above L1 was
employed except N,N,N0,N0-Tetraethyl-N00-phenylphosphoric tri-
amide (2.8 g, 10.0 mmol) was used. L3 was obtained as a light
white solid (2.1 g, 40%). 1H NMR (400 MHz, CDCl3) d 7.29–7.23
(m, 2H), 7.14 (t, J = 7.8 Hz, 2H), 7.06 (d, J = 8.3 Hz, 2H), 6.79–6.70
(m, 5H), 6.64 (dd, J = 7.7, 5.0 Hz, 2H), 3.60 (s, 6H), 3.09 (m, 8H),
0.86 (t, J = 7.1 Hz, 12H). 31P NMR (CDCl3, 162 MHz): d 43.33 (d,
J = 79.6 Hz), 21.11 (d, J = 79.5 Hz). 13C NMR (101 MHz, CDCl3) d
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160.46 (s), 160.28 (s), 141.85 (d, J = 6.7 Hz), 133.51 (d, J = 3.8 Hz),
130.16 (s), 129.03 (d, J = 4.0 Hz), 127.06 (s), 126.12 (s), 125.87
(d, J = 4.2 Hz), 124.37 (s), 120.32 (s), 109.74 (s), 55.19 (s), 40.37
(t, J = 3.8 Hz), 14.18 (d, J = 2.7 Hz). ESI-MS (m/z): [M+H]+ Calcd
for C28H40N3O3P2, 528.2545; Found: 528.2534.

Preparation of L10. N-Phenyl-P,P-di-1-piperidinylphosphinic
amide (3.0 g, 10.0 mmol) was dissolved in dry THF (100 mL) under
nitrogen and cooled to 0 �C, and nBuLi (2.5 M in hexane, 4 mL,
10.0 mmol) was added dropwise. The resulting solution was stirred
for 12 h at room temperature after which PhArPCl (3.6 g,
10.0 mmol) was added slowly at �78 �C. The mixture was stirred
for another 24 h at room temperature after which it was evapo-
rated to dryness under vacuum. The solid was dissolved in CH2Cl2
(200 mL) and filtered. The filtrate was evaporated to dryness under
vacuum and the residue was washed with MeOH to yield a white
solid (3.8 g, 62%). 1H NMR (CDCl3, 400 MHz): d 7.66–7.62 (m,
2H), 7.38–7.34 (m, 1H), 7.29–7.27 (m, 2H), 7.26–7.23 (m, 2H),
7.22–7.18 (m, 1H), 6.98–6.94 (m, 3H), 6.90–6.86 (m, 3H), 6.67
(d, J = 8.0 Hz, 1H), 6.55 (d, J = 8.0 Hz, 1H), 6.50–6.47 (m, 1H),
3.80 (s, 3H, OMe), 3.53 (s, 3H, OMe), 2.85–2.81 (m, 6H), 2.69–2.61
(m, 2H), 1.38–1.25 (m, 8H), 1.22–1.06 (m, 4H). 31P NMR (CDCl3,
162 MHz): d 51.6 (d, JPP = 87.3 Hz), 18.6 (d, JPP = 87.3 Hz). 13C
NMR (100 MHz, CDCl3):d 157.8 (s), 157.7 (d, JPC = 2.0 Hz), 142.3
(d, JPC = 1.0 Hz), 142.0 (d, JPC = 1.0 Hz), 141.6 (s), 141.2(s), 140.7
(d, JPC = 6.0 Hz), 137.9 (m), 137.1 (s), 131.5 (s), 131.4 (s), 131.3
(d, JPC = 3.0 Hz), 130.9 (d, JPC = 7.0 Hz), 129.6 (s), 128.9 (s), 127.6
(s), 127.5 (s), 127.0 (d, JPC = 2.0 Hz), 126.1 (s), 125.4 (s), 103.8
(d, JPC = 6.0 Hz), 55.7 (s, OMe), 55.4 (s, OMe), 46.3 (s), 45.8 (m),
26.5 (d, JPC = 5.0 Hz), 26.2 (d, JPC = 5.0 Hz), 24.7 (d, JPC = 14.0 Hz).
ESI-MS (m/z): [M+H]+ Calcd for C36H44N3O3P2, 628.2852; Found:
628.2848.

Preparation of L20. Similar procedure as above L10 was
employed except P,P-Di-4-morpholinyl-N-phenylphosphinic
amide (3.1 g, 10.0 mmol) was used. L20 was obtained as a light
white solid (3.4 g, 55%). 1H NMR (CDCl3, 400 MHz): d 7.64 (t,
J = 8.0 Hz, 2H), 7.37 (t, J = 8.0 Hz, 1H), 7.33–7.27 (m, 3H), 7.25–
7.20 (m, 2H), 7.05–6.96 (m, 3H), 6.90–6.81 (m, 3H), 6.68
(d, J = 8.0 Hz, 1H), 6.60 (d, J = 8.0 Hz, 1H), 6.46 (dd, J = 8.0 Hz,
4 Hz, 1H), 3.81 (s, 3H, OMe), 3.56 (s, 3H, OMe), 3.44–3.36 (m, 4H),
3.32–3.15 (m, 4H), 2.97–2.76 (m, 8H). 31P NMR (CDCl3,
162 MHz): d 53.1 (d, JPP = 81.5 Hz), 16.4 (d, JPP = 81.5 Hz). 13C
NMR (101 MHz, CDCl3): d 157.37 (d, JPC = 1.0 Hz), 157.6 (s),
141.6 (s), 141.1(d, JPC = 12.0 Hz), 140.2 (d, JPC = 7.0 Hz), 136.9 (s),
131.2 (s), 131.1 (s), 131.0 (s), 130.0 (s), 129.1 (s), 127.9 (s), 127.7
(d, JPC = 3.0 Hz), 127.4 (s), 126.2 (s), 126.0 (s), 119.2 (d, JPC = 7.0 Hz),
104.0 (d, JPC = 9.0 Hz), 67.2 (d, JPC = 5.0 Hz), 67.1 (d, JPC = 5.0 Hz),
55.8 (s), 55.4 (s), 45.4 (s), 45.3 (d, JPC = 7.0 Hz). ESI-MS (m/z): [M
+H]+ Calcd for C34H40N3O5P2, 632.2443; Found: 632.2432.

Preparation of L30. Similar procedure as above L10was
employed except N,N,N0,N0-Tetraethyl-N00-phenylphosphoric tri-
amide (3.1 g, 10.0 mmol) was used. L30 was obtained as a light
white solid (2.6 g, 43%). 1H NMR (400 MHz, CDCl3) d 7.68–7.61
(m, 2H), 7.28 (td, J = 7.5, 1.1 Hz, 1H), 7.24–7.16 (m, 1H), 7.13–
7.07 (m, 5H), 6.86 (s, 1H), 6.78 (td, J = 7.6, 1.3 Hz, 1H), 6.60
(d, J = 8.3 Hz, 1H), 6.49 (d, J = 8.3 Hz, 1H), 6.37 (dd, J = 7.5,
2.7 Hz, 1H), 3.73 (s, 3H, MeO), 3.49 (s, 3H MeO), 2.84–2.70
(m, 4H), 2.60 (dq, J = 10.1, 7.1 Hz, 4H), 0.80 (t, J = 7.1 Hz, 6H),
0.62 (t, J = 7.0 Hz, 6H). 31P NMR (162 MHz, CDCl3) d 52.04
(d, J = 85.7 Hz), 20.79 (d, J = 85.7 Hz). 13C NMR (101 MHz, CDCl3)
d 156.94 (s), 156.82 (d, J = 1.4 Hz), 141.45 (s), 141.16 (s), 140.78
(s), 140.37 (s), 139.38 (d, J = 7.3 Hz), 137.48 (m), 136.48 (s),
130.56 (d, J = 3.3 Hz), 130.37 (s), 130.19 (s), 129.71
(d, J = 7.1 Hz), 128.69 (s), 127.89 (s), 126.55 (d, J = 2.7 Hz),
126.25 (s), 125.89 (d, J = 2.0 Hz), 125.21 (s), 124.22 (s), 118.63
(d, J = 7.3 Hz), 102.88 (s), 102.67 (s), 54.67 (s), 54.49 (s), 39.82
(dd, J = 8.1, 3.7 Hz), 39.30 (d, J = 3.5 Hz), 13.86 (s), 13.33
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(d, J = 3.0 Hz). ESI-MS (m/z): [M+H]+ Calcd for C34H44N3O3P2,
604.2852; Found: 604.2847.

Preparation of L4. Weight 100 mmol of aniline in 250 mL of
dichloromethane solution, add 50 mmol of trimethoxyphosphorus,
add 20 mmol of iodine element, and after 12 h of reaction add
10 mL of 12 M hydrochloric acid, extract with NaHCO3 and satu-
rated NaCl solution successively, spin dry to obtain the product
1.Under nitrogen protection, take 10 mmol of sample 1 dissolved
in THF, add 1.1 eq of nBuLi dropwise at 0 �C, react for 2 h, add
10 mmol PhArPCl, after 12 h of reaction, extract, concentrate the
organic phase and add ether to recrystallize a light white solid L4
(2.6 g, 43%). 1H NMR (400 MHz, CDCl3) d 7.49 (dd, J = 10.3,
3.8 Hz, 2H), 7.36–7.30 (m, 1H), 7.31–7.17 (m, 4H), 7.04–6.95
(m, 3H), 6.92 (m, 1H), 6.88 (m, 2H), 6.83–6.74 (m, 1H), 6.64
(d, J = 8.3 Hz, 1H), 6.46 (d, J = 8.3 Hz, 1H), 3.80 (s, 3H, PhMeO),
3.53 (d, J = 11.2 Hz, 3H), 3.45 (s, 3H, PhMeO), 3.53 (d, J = 11.2 Hz,
3H). 31P NMR (162 MHz, CDCl3) d 56.30 (d, J = 63.5 Hz), 8.92
(d, J = 63.5 Hz).13C NMR (101 MHz, CDCl3) d 157.90 (s), 157.64
(d, J = 1.5 Hz), 141.77 (s), 141.37 (s), 140.48 (s), 140.28 (d,
J = 3.1 Hz), 140.05 (d, J = 3.2 Hz), 136.25 (d, J = 4.8 Hz), 136.10
(d, J = 4.8 Hz), 135.28 (s), 131.54 (s), 131.36 (s), 131.05
(d, J = 6.8 Hz), 130.46 (d, J = 2.9 Hz), 129.91 (s), 129.22 (s), 128.32
(d, J = 1.2 Hz), 127.82 (d, J = 1.6 Hz), 127.78 (s), 127.74 (s), 126.48
(d, J = 1.6 Hz), 126.22 (s), 118.82 (d, J = 7.9 Hz), 103.89 (s), 103.54
(s), 55.80 (s), 55.38 (s), 54.05 (m), 53.95 (m). ESI-MS (m/z):
[M+H]+ Calcd for C34H44N3O3P2, 522.1594; Found: 522.1601.

Preparation of L5. Similar procedure as above L4 was
employed except triisopropoxy phosphorus (2.89 g, 10.0 mmol)
was used. L5 was obtained as a light white solid (2.6 g, 43%).1H
NMR (400 MHz, CDCl3) d 7.45 (t, J = 6.7 Hz, 2H), 7.36 (td, J = 7.5,
1.3 Hz, 1H), 7.28–7.17 (m, 5H), 7.07 (dd, J = 7.4, 3.1 Hz, 1H),
7.04–6.94 (m, 4H), 6.92 (m, 2H), 6.64 (d, J = 8.4 Hz, 1H), 6.40
(d, J = 8.3 Hz, 1H), 4.34 (ddq, J = 25.2, 12.5, 6.3 Hz, 2H), 3.82 (s,
3H, MeO), 3.41 (s, 3H, MeO), 1.19 (dd, J = 6.0, 4.0 Hz, 6H, MeOiPr),
0.97 (d, J = 6.2 Hz, 3H, MeOiPr), 0.88 (d, J = 6.1 Hz, 3H, MeOiPr).
31P NMR (162 MHz, CDCl3) d 55.17 (d, J = 57.1 Hz), 4.25
(d, J = 57.0 Hz). 13C NMR (101 MHz, CDCl3) d 157.89 (s), 157.57
(d, J = 1.5 Hz), 141.57 (s), 141.45 (s), 141.05 (s), 140.42
(d, J = 3.2 Hz), 140.19 (d, J = 3.1 Hz), 136.98 (d, J = 4.4 Hz),
136.81 (d, J = 4.4 Hz), 135.05 (s), 132.07 (s), 131.88 (s), 130.88
(d, J = 6.4 Hz), 130.48 (dd, J = 3.0, 1.6 Hz), 129.55 (s), 129.07
(d, J = 19.6 Hz), 128.02 (d, J = 1.0 Hz), 127.60 (d, J = 1.4 Hz),
127.45 (d, J = 3.9 Hz), 126.23 (s), 125.97 (d, J = 1.3 Hz), 118.97 (d,
J = 7.8 Hz), 104.08 (s), 103.34 (s), 72.18 (dd, J = 6.0, 1.8 Hz),
71.78 (d, J = 6.2 Hz), 55.97 (s), 55.26 (s), 23.85 (t, J = 3.8 Hz),
23.38 (d, J = 6.3 Hz), 23.26 (dd, J = 7.3, 2.1 Hz). ESI-MS (m/z):
[M+H]+ Calcd for C34H44N3O3P2, 578.2220; Found: 578.2229.
3.3. Catalyst synthesis

Preparation of Pd1. A mixture of L1 (551 mg, 1.0 mmol), (COD)
PdMeCl (265 mg, 1.0 mmol) in 15 mL DCM was stirred at room
temperature for 12 h. The resulting mixture was evaporated and
the residual was washed by Et2O (30 mL). The solid was collected
by filtration to give Pd1 as a light yellow solid (636 mg, 90%). 1H
NMR (CDCl3, 400 MHz): d 7.83–7.69 (br, 2H), 7.47 (t, J = 8.0 Hz,
2H), 7.16–7.09 (m, 3H), 6.97–6.87 (m, 6H), 3.49 (s, 6H, OMe),
2.93–2.78 (m, 8H), 1.51–1.39 (m, 12H). 0.45 (br, 3H, Pd-Me). 31P
NMR (CDCl3, 162 MHz): d 78.7 (d, JPP = 61.2 Hz), 30.7 (d, JPP = 61.2-
Hz). 13C NMR (101 MHz, CDCl3) d 160.73 (s), 141.07 (d, J = 7.9 Hz),
136.79 (s), 133.62 (s), 128.88 (s), 128.59 (s), 126.99 (s), 120.18
(d, J = 13.4 Hz), 118.50 (s), 117.97 (s), 111.32 (s), 55.42 (s), 46.21
(s), 25.88 (d, J = 5.0 Hz), 24.24 (s), �3.99 (s, Pd-Me). Anal. Calcd
for C31H42ClN3O3P2Pd: C, 52.55; H, 5.98; N, 5.93. Found: C, 52.42;
H, 6.10; N, 5.90.
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Preparation of Pd2. Similar procedure was employed except L2
(555 mg, 1.0 mmol) was used. Pd2 was obtained as a light yellow
solid (611 mg, 86%). 1H NMR (CDCl3, 400 MHz): d 7.78–7.65
(br, 2H), 7.51 (t, J = 8.0 Hz, 2H), 7.20–7.15 (m, 3H), 6.99–6.86 (m,
6H), 3.66–3.56 (m, 8H), 3.53 (s, 6H, OMe), 2.98–2.82 (m, 8H),
0.47 (d, J = 3.0 Hz, 3H, Pd-Me). 31P NMR (CDCl3, 162 MHz): d 79.9
(d, JPP = 63.2 Hz), 29.1 (d, JPP = 63.2 Hz). 13C NMR (101 MHz, CDCl3)
d 160.83 (s), 140.71 (d, J = 7.6 Hz), 136.90 (s), 134.21 (s), 129.09 (s),
128.58 (s), 127.52 (s), 117.87 (s), 117.34 (s), 111.79 (d, J = 4.1 Hz),
66.81 (d, J = 4.2 Hz), 55.66 (s), 45.44 (s), �3.22 (s, Pd-Me). Anal.
Calcd for C29H38ClN3O5P2Pd: C, 48.89; H, 5.38; N, 5.90. Found: C,
48.58; H, 5.41; N, 5.92.

Preparation of Pd3. Similar procedure was employed except L3
(613 mg, 1.0 mmol) was used. Pd3 was obtained as a light yellow
solid (527 mg, 75%). 1H NMR (400 MHz, CDCl3) d 7.75 (dd, J = 13.8,
7.0 Hz, 2H), 7.46 (t, J = 7.7 Hz, 2H), 7.10–7.05 (m, 3H), 6.94
(t, J = 6.1 Hz, 4H), 6.88 (dd, J = 8.1, 5.0 Hz, 2H), 3.54 (s, 6H),
3.05–2.81 (m, 8H), 1.02 (t, J = 7.0 Hz, 12H), 0.46 (d, J = 3.0 Hz,
3H, Pd-Me). 31P NMR (162 MHz, CDCl3) d 80.05 (d, J = 60.3 Hz),
33.94 (d, J = 60.3 Hz).13C NMR (101 MHz, CDCl3) d 160.67 (d,
J = 3.4 Hz), 141.02 (d, J = 7.3 Hz), 136.54 (s), 133.58 (s), 128.71
(s), 128.42 (s), 126.75 (s), 120.26 (d, J = 12.7 Hz), 118.48 (s),
117.94 (s), 111.33 (d, J = 4.5 Hz), 55.50 (s), 38.84 (d, J = 3.6 Hz),
13.04 (d, J = 3.6 Hz), �4.15 (s, Pd-Me). Anal. Calcd for C29H42ClN3

O3P2Pd: C, 50.89; H, 6.19; N, 6.14. Found: C, 50.67; H, 6.30; N, 6.21.
Preparation of Ni1. Amixture of L10 (313 mg, 0.5 mmol), [Ni(al-

lyl)Cl]2 (67 mg, 0.25 mmol), and NaBAF (443 mg, 0.5 mmol) in
15 mL CH2Cl2 was stirred at room temperature for 12 h. The result-
ing mixture was filtrated and evaporated. The resulting solid was
recrystallized from CH2Cl2 and hexanes solution to give Ni1 as a
bright yellow solid (1.2 g, 81%). 1H NMR (CDCl3, 400 MHz): d
7.76–7.67 (m, 8H), 7.63–7.58 (m, 1H), 7.56–7.49 (m, 4H),
7.49–7.47(m, 1H), 7.43–7.27 (m, 5H), 7.24–7.13 (m, 6H),
6.94–6.86 (m, 1H), 6.69 (d, J = 8.0 Hz, 1H), 6.65–6.57 (m, 1H),
6.54–6.44 (m, 1H), 6.41 (d, J = 8.0 Hz, 0.5H), 5.70–5.55 (m, 0.5H),
4.55–4.42 (m, 0.5H), 4.23 (br, 0.5H), 4.09 (br, 0.5H), 3.66
(d, J = 4.0 Hz, 3H), 3.43 (d, J = 4.0 Hz, 3H), 3.21–2.90 (m, 4.5H),
2.75–2.54 (m, 4.5H), 2.30 (br, 1.5H), 1.67–1.14 (m, 12H), 1.11–
1.08(m, 1H). 31P NMR (CDCl3, 162 MHz): d 74.7 (d, JPP = 71.0 Hz),
36.0 (d, JPP = 71.0 Hz); d 73.8 (d, JPP = 77.4 Hz), 37.3 (d, JPP = 77.4 Hz).
13C NMR (101 MHz, CDCl3) d 161.47 (s), 160.97 (s), 160.47 (s),
159.98 (s), 156.86 (s), 135.72 (s), 133.81 (s), 132.52 (s), 132.40–
132.13 (m), 131.46 (s), 131.16 (s), 130.79 (s), 129.54 (s), 129.28
(s), 128.37 (s), 128.08 (s), 127.52 (dd, J = 33.9, 20.1 Hz), 125.79
(s), 125.58–125.23 (m), 124.91 (s), 122.21 (s), 119.50 (s), 116.45
(s), 113.98 (d, J = 45.5 Hz), 103.84 (d, J = 35.8 Hz), 102.88 (s),
55.11 (d, J = 12.0 Hz), 54.39 (s), 47.23 (d, J = 29.9 Hz), 45.61 (d,
J = 19.2 Hz), 45.09 (s), 24.92 (s), 24.41 (s), 22.77 (d, J = 12.3 Hz).

Preparation of Ni2. Similar procedure was employed except L20

(316 mg, 0.5 mmol) was used. Ni2 was obtained as a bright yellow
solid (1.3 g, 86%). 1H NMR (400 MHz, CDCl3) d 7.85–7.67 (m, 8H),
7.60 (s, 1H), 7.53 (s, 4H), 7.48 (s, 1H), 7.38 (s, 1H), 7.38–7.25 (m,
5H), 7.24–6.99(m, 6H), 6.65 (m, 2H), 6.50 (s, 0.5H), 6.41 (s, 1H),
5.66 (s, 0.5H), 4.56 (s, 0.5H), 4.31 (s, 0.5H), 4.09 (s, 0.5H), 3.63
(s, 6H), 3.44 (s, 2H), 3.40 (s, 6H), 3.04 (m, 4H), 2.76 (s, 4H), 2.48
(d, 1H), 1.49 (s, 0.5H), 1.26 (s, 0.5H). 31P NMR (162 MHz, CDCl3) d
76.76 (dd, J = 212.1, 75.5 Hz), 36.99 (dd, J = 196.7, 75.0 Hz). 13C
NMR (101 MHz, CDCl3) d 161.78 (dd, J = 99.5, 49.9 Hz), 157.76
(s), 136.08 (s), 134.35 (s), 132.65 (d, J = 23.8 Hz), 132.32 (s),
130.54 (s), 130.10 (d, J = 24.2 Hz), 129.78 (s), 129.27
(d, J = 31.0 Hz), 128.86–128.18 (m), 127.06 (s), 125.98 (s), 123.27
(s), 120.56 (s), 118.36 (s), 117.51 (s), 115.47 (s), 105.11
(d, J = 39.8 Hz), 104.20 (s), 73.38–73.02 (m), 66.31 (dd, J = 26.7,
4.8 Hz), 56.20 (s), 55.42 (s), 48.72 (s), 45.68 (s), 45.23 (s).

Preparation of Ni3. Similar procedure was employed except L30

(302 mg, 0.5 mmol) was used. Ni3 was obtained as a bright yellow
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solid (1.2 g, 77%). H NMR (CDCl3, 400 MHz): d 7.74–7.63 (m, 8H),
7.62–7.57 (m, 1H), 7.55–7.54 (m, 1H), 7.53–7.46 (m, 4H), 7.38–
7.27 (m, 4H), 7.24–7.11 (m, 7H), 6.89 (t, J = 8.0 Hz, 1H), 6.69
(d, J = 8.0 Hz, 1H) 6.63–6.56 (m, 1H), 6.50 (t, J = 8.0 Hz, 1H), 6.40
(d, J = 8.0 Hz, 0.5H), 5.62–5.53 (m, 0.5H), 4.51–4.44 (m, 0.5H),
4.22–4.18 (m, 0.5H), 4.07–4.02 (br, 0.5H), 3.66 (d, J = 2.0 Hz, 3H),
3.42 (d, J = 8.0 Hz, 3H), 3.19–3.10 (m, 2H), 3.05–2.94 (m, 2H),
2.81–2.68 (m, 4H), 2.55 (dd, J = 14.0 Hz, 614.0 Hz, 0.5H), 2.30–
2.28 (br, 0.5H), 2.27–2.21 (br, 0.5H), 1.11 (t, J = 8.0 Hz, 3H), 1.05
(t, J = 8.0 Hz, 3H), 0.90–0.76 (m, 6H). 31P NMR (CDCl3, 162 MHz):
d 75.4 (d, JPP = 72.1 Hz), 40.3 (d, JPP = 72.1 Hz); d 74.9 (d, JPP = 78.4-
Hz), 41.7 (d, JPP = 78.4 Hz). 13C NMR (101 MHz, CDCl3) d 160.74
(dd, J = 99.7, 49.9 Hz), 157.02 (dd, J = 24.0, 17.0 Hz), 139.36
(t, J = 20.0 Hz), 136.00 (s), 133.83 (s), 132.44 (dd, J = 18.5,
9.2 Hz), 131.40 (s), 131.28 (d, J = 4.4 Hz), 131.15 (s), 130.81 (s),
129.74 (s), 129.56 (s), 129.24 (s), 128.35 (s), 128.09 (s), 127.81
(s), 127.64 (s), 127.56 (s), 127.46 (s), 127.32 (s), 127.21 (s),
125.65 (d, J = 8.1 Hz), 125.31 (d, J = 7.2 Hz), 124.94 (s), 122.23
(s), 119.52 (s), 116.46 (s), 114.00 (d, J = 60.5 Hz), 103.99
(d, J = 36.4 Hz), 102.95 (s), 71.55 (d, J = 21.1 Hz), 55.35
(d, J = 10.4 Hz), 54.35 (s), 47.17 (d, J = 19.8 Hz), 39.08 (s), 38.58
(s), 12.40 (s), 12.24 (d, J = 2.9 Hz), 12.15 (s).

Preparation of Ni4. Similar procedure was employed except L4
(302 mg, 0.5 mmol) was used. Ni4 was obtained as a bright yellow
solid (1.2 g, 77%) 1H NMR (400 MHz, CDCl3) d 7.78 (s, 8H), 7.63
(s, 2H), 7.58 (s, 4H), 7.51 (s, 5H), 7.33 (t, J = 12.7 Hz, 2H), 7.22
(t, J = 7.6 Hz, 2H), 7.07 (s, 1H), 6.90 (s, 3H), 6.80 (s, 1H), 6.72
(s, 0.5H), 6.51 (s, 1H), 5.41 (s, 0.5H), 4.26 (s, 1H), 4.03 (m, 3H),
3.75 (s, 6H), 3.51 (s, 3H), 3.09 (s, 0.5H), 2.42 (s, 0.5H), 2.13
(s, 0.5H), 1.85 (s, 0.5H), 1.32 (s, 0.5H), 1.12 (s, 0.5H), 0.89
(m, 1H). 31P NMR (162 MHz, CDCl3) d 73.27 (d, J = 96.9 Hz),
23.12 (dd, J = 215.8, 93.4 Hz). 13C NMR (101 MHz, CDCl3) d
161.74 (dd, J = 99.7, 49.9 Hz), 135.53 (s), 134.82 (s), 133.87
(d, J = 6.5 Hz), 133.66 (s), 133.07 (d, J = 10.7 Hz), 131.44 (s),
130.57 (s), 130.43 (s), 129.59 (s), 129.47 (s), 129.35 (s), 129.11
(d, J = 2.9 Hz), 128.80 (d, J = 2.9 Hz), 128.64 (s), 128.50 (s),
126.51 (s), 125.93 (s), 123.22 (s), 120.51 (s), 117.47 (s), 115.61
(s), 105.58 (s), 104.43 (s), 57.24 (d, J = 8.1 Hz), 56.86 (s), 55.79 (s).

Preparation of Ni5. Similar procedure was employed except L5
(302 mg, 0.5 mmol) was used. Ni5 was obtained as a bright yellow
solid (1.2 g, 77%). 1H NMR (400 MHz, CDCl3) d 7.61 (s, 8H), 7.43
(s, 1H), 7.42 (s, 4H), 7.40–7.23 (m, 6H), 7.20 (s, 1H), 7.10 (s, 1H),
7.07 m, 2H), 6.92 (m, 1H), 6.82–6.61 (m, 3H), 6.53 (s, 0.5H),
6.46–6.28 (m, 1H), 5.20 (s, 0.5H), 4.91 (d, J = 5.4 Hz, 0.5H), 4.75
(s, 0.5H), 4.34 (d, J = 5.8 Hz, 1H), 4.10 (d, J = 23.8 Hz, 1H), 3.92
(s, 0.5H), 3.63 (dd, J = 29.7, 16.2 Hz, 6H), 2.26 (d, J = 10.6 Hz,
0.5H), 1.94 (s, 0.5H), 1.71 (s, 0.5H), 1.56–1.38 (m, 3H), 1.31
(d, J = 14.7 Hz, 3H), 1.08 (d, J = 6.1 Hz, 3H), 0.55 (d, J = 28.5 Hz,
3H). 31P NMR (162 MHz, CDCl3) d 70.06 (dd, J = 96.4, 24.3 Hz),
18.60 (dd, J = 236.6, 96.3 Hz). 13C NMR (101 MHz, CDCl3) d
161.76 (dd, J = 99.7, 49.9 Hz), 158.06 (d, J = 49.7 Hz), 136.01 (s),
134.84 (s), 133.50 (s), 132.97 (s), 131.26 (s), 130.63 (s), 130.47
(s), 130.36 (s), 129.28 (s), 129.08 (s), 128.82 (s), 128.57
(d, J = 16.9 Hz), 128.49 (s), 126.51 (s), 125.95 (s), 123.24 (s),
120.53 (s), 117.48 (s), 115.41 (s), 105.63 (s), 104.42 (s), 57.17 (s),
55.79 (s), 47.35 (d, J = 51.8 Hz), 31.59 (s), 24.76–23.05 (m), 22.44
(d, J = 42.6 Hz), 14.06 (s).

3.4. Polymerization

Procedure for the homopolymerization of ethylene. In a typ-
ical experiment, a 350 mL glass thick-walled pressure vessel was
charged with toluene (18 mL) and a magnetic stir bar in a glove-
box. The pressure vessel was connected to a high-pressure line
and the solution was degassed. The vessel was warmed to 80 �C
using an oil bath (water bath for polymerizations at room temper-
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ature) and allowed to equilibrate for 15 min. The desired amount of
the Pd or Ni complex in CH2Cl2 (2 mL) was injected into the poly-
merization system via syringe. With rapid stirring, the reactor was
pressurized with ethylene, which was maintained at 8.0 atm. After
the desired amount of time, the pressure vessel was vented and the
polymer was precipitated in acidified methanol (methanol/HCl =
50/1) and dried at 50 �C for 24 h under vacuum.

Procedure for the copolymerization of ethylene and polar
monomers. In a typical experiment, a 350 mL glass thick-walled
pressure vessel was charged with a magnetic stir bar, toluene,
and the polar monomer (18 mL total volume) in a glovebox. The
pressure vessel was connected to a high-pressure line and the solu-
tion was degassed. The vessel was warmed to 80 �C using an oil
bath and allowed to equilibrate for 15 min. The metal complex
(20 lmol) in CH2Cl2 (2 mL) was injected into the polymerization
system via syringe. With rapid stirring, the reactor was pressurized
with ethylene, which was maintained at 8.0 atm. After 6 h, the
pressure vessel was vented and the polymer was precipitated in
acidified methanol (methanol/HCl = 50/1) and dried at 50 �C for
24 h under vacuum.
3.5. Computational method

All the DFT calculations were performed with the Gaussian 16
program [69]. The B3LYP hybrid exchange-correlation functional
was used for geometry optimizations [70]. For Pd10, Pd20, Pd30,
and Pd-Ph0, the 6-31G(d,p) basis set was used for H, C, N, O, P
and Cl atoms. Pd atoms were treated by the LANL2DZ basis set.
For Ni20, Ni-Ph0, Ni40, and Ni50, the 6–31 + G(d,p) basis set was used
for H, C, N, O, and P atoms. Ni atoms were treated by the LANL2DZ
basis set [71,72]. Normal modes of all structures were examined.
No imaginary frequency was observed.
4. Conclusions

In summary, a series of PNPO-type phosphinoamine phospho-
ramidate/phosphoramide ligands and the corresponding palladium
and nickel catalysts have been designed, synthesized, character-
ized and investigated in ethylene polymerization and copolymer-
ization of ethylene with various polar monomers. The palladium
and nickel complexes exhibited high activities in ethylene (co)
polymerization and generated high-molecular-weight polyethy-
lene and functionalized polyethylene. Most interestingly, the intro-
duction of electron-donating substituents in these palladium
complexes can significantly increase polymer molecular weight
while maintaining high (co)polymerization activity. For the nickel
case, the catalysts bearing less electronic donating substituents
resulted in higher catalytic activities in ethylene polymerization
and copolymerization reactions, indicating beneficial effects
though the reduction of the electron density from the Ni center.
This study provides insights for future designing of high perfor-
mance transition metal catalyst for ethylene polymerization and
copolymerization with polar comonomers.
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