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ABSTRACT: Copolymer izat ions of ethy lene with
vinyltrialkoxysilanes are reported using both a “traditional”
cationic Pd(II) aryldiimine catalyst, t-1 (aryl = 2,6-diisopropyl-
phenyl), and a “sandwich-type” aryldiimine catalyst, s-2 (aryl =
8-tolylnaphthyl). Incorporation levels of vinyltrialkoxysilanes
between 0.25 and 2.0 mol % were achieved with remarkably little
rate retardation relative to ethylene homopolymerizations. In the
case of the traditional catalyst system, molecular weights
decrease as the level of comonomer increases and only one trialkoxysilyl group is incorporated per chain. Molecular weight
distributions of ca. 2 are observed. For the sandwich catalyst, higher molecular weights are observed with many more
trialkoxysilyl groups incorporated per chain. Polymers with molecular weight distributions of ca. 1.2−1.4 are obtained. Detailed
NMR mechanistic studies have revealed the formation of intermediate π-complexes of the type (diimine)Pd(alkyl)-
(vinyltrialkoxysilane)+. 1,2-Migratory insertions of these complexes occur with rates similar to ethylene insertion and result in
formation of observable five-membered chelate intermediates. These chelates are rapidly opened with ethylene forming alkyl
ethylene complexes, a requirement for chain growth. An unusual β-silyl elimination mechanism was shown to be responsible for
chain transfer and formation of low molecular weight copolymers in the traditional catalyst system, t-1. This chain transfer
process is retarded in the sandwich system. Relative binding affinities of ethylene and vinyltrialkoxysilanes to the cationic
palladium center have been determined. The quantitative mechanistic studies reported fully explain the features of the bulk
polymerization results.

■ INTRODUCTION

Coordination−insertion copolymerization of olefins with polar
vinyl monomers potentially offers a powerful method for the
controlled, low cost synthesis of high-value functionalized
polyolefins.1 Although early transition-metal catalysts are
extensively used for the coordination polymerization of
nonpolar olefins such as ethylene and propylene, the use of
these catalysts for copolymerization with polar vinyl monomers
is limited due to their high oxophilicity.2 In contrast, late
transition metal catalysts display enhanced tolerance toward
heteroatoms3 and can copolymerize ethylene with a range of
polar vinyl monomers, such as methyl acrylate,4 vinyl acetate,5

acrylonitrile,6 and other common polar monomers.7 An early
example from our group showed that cationic α-diimine Pd(II)
complexes can copolymerize ethylene (and higher α-olefins)
with methyl acrylate (MA) to form highly branched
copolymers.4a,8 Neutral phosphine-sulfonate Pd(II) “Drent-
type” catalysts copolymerize ethylene and MA to produce linear
functionalized copolymers.9 A variety of other Drent-type
catalysts have been used for copolymerization of several polar
monomers with ethylene.9,10

Copolymerizations of polar vinyl monomers with ethylene
generally exhibit much lower activities relative to those of

ethylene homopolymerization.9−11 Various factors responsible
for reduced activities have been enumerated.12 As an example,
mechanistic studies of the cationic α-diimine Pd(II) system for
MA/ethylene copolymerization revealed that after 2,1 insertion
of MA and rapid chain-walking, a six-membered carbonyl
chelate intermediate is formed. This chelate is the catalyst
resting state which is stable and strongly favored over the
“chelate opened” ethylene complex required for further
propagation (Scheme 1).8 The development of catalysts for
copolymerization of ethylene with polar vinyl monomers which
exhibit commercially viable activities and molecular weights
remains a challenge for the field.
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Scheme 1. Proposed Mechanism of α-Diimine Pd(II)
Catalyzed Copolymerization of Ethylene and MA
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Polyethylene (PE) that is functionalized with trialkoxysilane
(−Si(OR)3) groups can be cross-linked to form PEX-b, a tough
material that is widely used for coating wires and cables and in
manufacturing plastic piping.13 The cross-links are formed by
exposing the PE containing −Si(OR)3 groups to steam to form
− Si−O−Si− bridges. The − Si(OR)3 groups are introduced
into PE either through postpolymerization radical grafting of
vinylalkoxysilanes (CH2CHSi(OR)3) to PE or through
radical-initiated copolymerization of ethylene with vinylalkoxy-
silanes.14 Vinylalkoxysilanes are polar monomers that have
generally received little attention with respect to coordination−
insertion polymerization using late transition metals.15,16

Successful copolymerizations of ethylene with vinylalkoxy-
silanes using α-diimine Ni(II) and Pd(II) catalysts have been
reported by researchers at DuPont.17 A very significant feature
of these copolymerizations is that the copolymerization
activities are higher than those of the MA/ethylene
copolymerizations and comparable to those of ethylene
homopolymerizations. The high activities of these copolymer-
izations prompted us to conduct a detailed mechanistic study of
the Pd-based diimine systems with the goal of understanding
why these polar monomers are so effective and to assess the
potential for designing even more effective catalysts.
While a number variations of aryl-substituted α-diimine

Pd(II) catalysts have been devised and investigated,18 studies
reported here are focused on the “traditional” catalyst, t-1,
bearing ortho-isopropyl groups18e,19 and the “sandwich”
catalyst s-2, incorporating 8-tolylnaphthyl imine moieties
(Figure 1).20 The traditional diimine system t-1 polymerizes

ethylene to yield hyperbranched polyethylene at 20 °C with ca.
110 branches per 1000C and Mn values in the range of 104 g/
mol with molecular weight distributions of ca. 2.18e,19 The
recently developed “sandwich” α-diimine catalyst s-2 also
produces hyperbranched polyethylene (ca. 110 branches/
1000C) which exhibits very narrow molecular weight
distributions (Mw/Mn ca. 1.1).20 Comparison of associative
ligand exchange rates revealed that 8-tolyl groups in s-2 are far
more effective in shielding the axial coordination sites than the
ortho isopropyl groups of traditional catalyst t-1.20 This feature
results in significant reduction in the rate of chain transfer
relative to the rate of propagation and thus leads to the low
Mw/Mn values observed.
We present here a comprehensive account of the mechanistic

details of the copolymerization of ethylene with vinyl-
alkoxysilanes using catalysts t-1 and s-2. These studies provide
information regarding insertion barriers of these polar
monomers, their binding affinities relative to ethylene, and
the stability and properties of an intermediate chelate complex.
A chain transfer mechanism involving a unique β-silyl
elimination process has been identified.

■ RESULTS AND DISCUSSION

Copolymerization Reactions. As noted above, the
catalysts employed for the copolymerization reactions are the
cationic traditional isopropyl-substituted complex t-1a and
sandwich α-diimine Pd(II) complex s-2a (Scheme 2). These
complexes were synthesized following previously reported
procedures.20 Vinyltriethoxysilane (VTEoS) was chosen as a
model CH2CHSi(OR)3 monomer.

The results of copolymerizations using catalyst t-1a are
summarized in Table 1. Polymerizations were carried out in
dichloromethane at 100 psig ethylene, 22 °C with varying
concentrations of VTEoS. As with homopolymerization of
ethylene (entry 5), the polymers obtained are highly branched
with branching densities of ca. 105 branches/1000C.21 The
mole fraction incorporation of VTEoS into the polymer is
nearly proportional to the VTEoS concentration (Table 1,
entries 1−3). The molecular weights of the copolymers
produced are sensitive to the concentration of the VTEoS
monomer. For example, complex t-1a produced a copolymer
with Mn values of 7.0 × 103 g/mol at a VTEoS concentration of
0.52 M, 5.4 × 103 g/mol at 1.04 M VTEoS and 3.1 × 103 g/mol
at 1.56 M VTEoS (entries 1−3, Table 1).22 All Mw/Mn values
are ca. 2 indicating that the Mn values are chain-transfer limited.
This is further verified by entry 4 where doubling the
polymerization time relative to entry 1 produces a polymer
with the same Mn value. Olefinic units were detected, as the
polymer end groups establishing that β-elimination is
responsible for chain transfer. A calculation based on mole
percent incorporation and Mn values suggests that each chain
contains only ca. one VTEoS unit.23

An interesting feature, in contrast to most other ethylene/
polar vinyl monomer copolymerizations,12 is that the turnover
frequency (TOF) for the copolymerizations is not dramatically
reduced relative to the TOF for homopolymerization of
ethylene under similar conditions. For example, compare the
TOF of entry 1 (0.52 M VTEoS) of 362 h−1 with that of
homopolymerization (entry 5) of 456 h−1. The TOF drops
only slightly as VTEoS concentration increases (e.g., 362 h−1 at
0.52 M; 227 h−1 at 1.04 M).24

The mechanistic studies described below will clarify the
mechanisms of chain transfer, the reason for one VTEoS per
chain, and the near insensitivity of the TOF to VTEoS. The
results of copolymerizations using sandwich catalyst s-2a are
also summarized in Table 1. TOFs are approximately a factor of
10 lower than those observed for analogous runs using
traditional catalyst t-1a, and this is consistent with previously
observed comparisons of homopolymerizations of ethylene

Figure 1. “Traditional” and “sandwich” Pd(II) α-diimine complexes.

Scheme 2. Copolymerization of Ethylene and VTEoS Using
α-Diimine Pd(II) Complexes
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with these two catalysts.20 As in the case of catalyst s-2a, highly
branched polymers are produced (ca. 100 branches/1000C).21

Remarkably, the TOFs observed in the copolymerization
runs using s-2a are nearly the same as that for the
homopolymerization (compare entry 11 for the homopolyme-
rization with entries 6 and 7). Molecular weight distributions, as
in the case for ethylene homopolymerizations using this
catalyst,20 are narrow (ca. 1.2−1.4 under these conditions)
and substantially less than 2; thus, Mn values have not reached
their chain-transfer limited values. Thus, even though turnover
frequencies are significantly less for catalyst s-2a versus those
for catalyst t-1a, significantly higher molecular weight polymers
can be generated (compare results in entries 1−4 vs 6−9). For
example, the molecular weight Mn of copolymer produced in
entry 10 by catalyst s-2a reached 40.8 × 103 g/mol with a
narrow distribution retained (Mw/Mn = 1.4).
In contrast to copolymers produced by t-1a, copolymers

generated by s-2a exhibit more than one VTEoS monomer per
chain. For example, in entry 6, there are ca. 4 VTEoS units on
average per chain while for entries 7 and 10 there are ca. 8
VTEoS monomers on average per chain. In contrast to
copolymerizations using catalyst t-1a, it is clear that VTEoS
does not induce rapid chain transfer. Mechanistic studies
described below will illuminate the difference in behaviors of
these two catalytic systems and demonstrate that β-silyl
elimination is responsible for chain transfer using the traditional
catalyst.
Mechanistic Studies. Low Temperature NMR Studies of

Migratory Insertion Reactions of Vinyltrialkoxysilanes:
Barriers and Activation Parameters. The complexes employed
for mechanistic studies are the cationic α-diimine Pd(II)
complexes t-1b, t′-3b, and s-2b (Figure 2), which were
synthesized according to the reported procedures.25

In order to generate simplified NMR spectra, vinyl-
trimethoxysilane (VTMoS) was used in place of VTEoS.
Addition of 1 equiv of VTMoS to a CD2Cl2 solution of t-1b at
−78 °C leads to clean formation of the η2-olefin complex t-

4(Me) (Scheme 3). The displacement of extremely labile ether
with VTMoS is fast and complete at −78 °C. The 1H NMR

signals of the bound olefinic protons appear upfield (δ = 5.24,
4.99, and 4.11 ppm) of those for free VTMoS, consistent with
formation of a η2-olefin complex rather than an O-bound
complex.
Migratory insertion occurs at −40 °C yielding exclusively the

1,2-insertion product t-5(Me), which is a five-membered
chelate complex involving chelation of one −OMe group.
Complex t-5(Me) exhibits fluxional behavior due to C−Si bond
rotation and interchange of the coordinated −OMe group (δ =
2.95 ppm) with the two free −OMe groups (δ = 3.54 and 3.48
ppm). At −60 °C, the rotational barrier for this process was
measured via line broadening techniques (ΔG‡ = 11.5 kcal/
mol, −60 °C). In addition to the −OMe resonances noted
above, characteristic resonances of insertion product t-5(Me)
include signals at δ 1.37 ppm and −0.82 ppm for the
diastereotopic methylene protons of Pd−CH2, δ 1.97 ppm for
the Si−CH methine proton and δ 0.37 ppm for the methyl
group at C-β of the chelate.26 The first-order insertion reaction
was followed by 1H NMR spectroscopy at temperatures
between −37 and −25 °C. From these data, values of the
activation enthalpy (ΔH‡ = 17.4 ± 2.2 kcal/mol) and activation
entropy (ΔS‡ = −4.1 ± 9.1 eu) were obtained (Figure 3). The
modest negative value of the activation entropy is consistent
with an intramolecular migratory insertion reaction. At −33 °C,
the calculated free energy barrier (ΔG‡ = 18.4 kcal/mol) is only
slightly higher than that of ethylene migratory insertion in the
corresponding ethylene complex t-1c (ΔG‡ = 17.8 kcal/mol,
−33 °C).25 Since the barrier of subsequent ethylene insertions
does not differ significantly from the barrier of the first insertion
of ethylene into the Pd−CH3 bond,25 we believe it is not
unreasonable to use the insertion of VTMoS into a Pd−CH3
bond as a model for insertion of VTMoS into the growing
polymer chain.

Table 1. Copolymerization of Ethylene and VTEoS Using Pd(II) Catalysts

entrya precatalyst [VTEoS] weight/g TOF/h−1 incorp. (mol %)b branches/1000Cb α-olefins (%)b Mn( × 10−3 g/mol)c Mw/Mn
c

1 t-1a 0.52 M 2.23 362 0.26 106 58 7.0 2.0
2 t-1a 1.04 M 1.40 227 0.45 108 66 5.4 2.1
3 t-1a 1.56 M 1.15 187 0.71 106 72 3.1 2.3
4d t-1a 0.52 M 3.72 302 0.26 106 58 7.4 2.1
5 t-1a 0 2.81 456 n.o.g 109 n.d.h 12.1 2.4
6 s-2a 0.52 M 0.27 44 0.58 99 n.d.h 18.1 1.4
7 s-2a 1.04 M 0.29 47 1.30 98 n.d.h 17.2 1.2
8e s-2a 1.56 M 0.85 46 2.03 100 n.d.h 13.3 1.4
9d s-2a 0.52 M 0.41 33 0.57 97 n.d.h 30.7 1.3
10f s-2a 0.52 M 0.71 25 0.54 101 n.d.h 40.8 1.4
11 s-2a 0 0.29 47 n.o.g 109 n.d.h 21.4 1.2

aConditions: V(total) = 10 mL, 10 μmol of Pd catalyst, 22 h, 100 psig ethylene, dichloromethane, 22 °C. bDetermined by using 1H NMR
spectroscopy. The percentage (%) of α-olefin is the fraction of terminal olefin in all olefin groups. cMolecular weight was determined by SEC in
trichlorobenzene at 140 °C. d44 h. e30 μmol of Pd catalyst. f100 h. gNot observed. hNot determined due to high molecular weights of the polymers.

Figure 2. Cationic (α-diimine)Pd(CH3)(OEt2)
+ complexes.

Scheme 3. Insertion of Vinyltrimethoxysilane into the Pd-
CH3 Bond of Complex t-4(Me)
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In addition to VTMoS, several other vinylsilane monomers
were also investigated (Scheme 4). The η2-olefin complexes t-

4(Et, iPr), t′-6(Me), and t-8 were generated in situ by
treatment of the olefins with ether adducts t-1b and t′-3b at
−78 °C. Insertion barriers for these η2-olefin complexes are
summarized in Table 2. VTEoS and vinyltrisopropoxysilane
(VTPoS) adducts, t-4(Et), t-4(iPr), display similar upfield
shifts of the methylidene olefinic protons. The migratory
insertions of these two complexes proceed in a similar manner
as that of VTMoS complex t-4(Me), resulting in the formation
of five-membered chelate complexes. The insertion barrier for
VTEoS complex t-4(Et) (ΔG‡ = 18.5 kcal/mol at −30 °C) is
similar to that for the VTMoS complex t-4(Me) (ΔG‡ = 18.4

kcal/mol at −30 °C). The insertion barrier for VTPoS complex
t-4(iPr) was found to be 18.6 kcal/mol at −25 °C, ca. 0.2 kcal/
mol higher than that for VTMoS complex t-4(Me). The
insertion barrier for vinyldimethylethoxysilane (VDMEoS)
complex t-8 was determined to be 18.1 kcal/mol at −30 °C,
ca. 0.4 kcal/mol lower than that of VTEoS complex t-4(Et).
The migratory insertion barrier for VTMoS complex t′-6(Me),
which bears a less bulky ligand, was determined to be 18.7 kcal/
mol, which is only ca. 0.3 kcal/mol higher than that for t-
4(Me). Examining entries 1−5 shows there is a negligible effect
of −OR or ortho aryl substituents on barriers to migratory
insertion of vinylalkoxysilanes.
In comparison to catalyst t-1a, the activity of sandwich

catalyst s-2a is much lower as discussed above. The migratory
insertion barriers for sandwich ethylene and vinylalkoxysilane
complexes were thus investigated. Sandwich ethylene complex
s-2c was generated in situ by addition of 20 equiv of ethylene to
ether adduct s-2b (Scheme 5). At −40 °C, two broad signals at

δ 4.07 and 3.95 ppm were observed for bound ethylene
together with a Pd−CH3 resonance at δ 0.25 ppm. The
insertion of ethylene into the Pd−CH3 bond is first-order, and
the rate was determined by monitoring the decrease of the
integral for the Pd−CH3 signal (ΔG‡ = 19.1 kcal/mol at −20
°C). The ethylene complex i-10 was obtained as the insertion
product. Characteristic resonances of complex i-10 were
observed at δ 1.75 ppm (broad multiplet, PdCH(CH3)2),
0.73 ppm (d, 3JHH = 6.6 Hz, PdCH(CH3)2), and 0.31 ppm (d,
3JHH = 6.0 Hz, PdCH(CH3)2) similar to those reported for the
analogous isopropyl-substituted system.25 The isopropyl ethyl-
ene complex i-10 presumably forms by trapping a β-agostic
isopropyl complex, which forms via rapid isomerization of an

Figure 3. Eyring plots for migratory insertion of VTMoS in t-4(Me)
and s-11(Me).

Scheme 4. Insertion of Vinylsilanes into the Pd−CH3 Bonds
of Traditional Vinylsilane Complexes

Table 2. Migratory Insertion Barriers for Different
Vinylalkoxysilane and Ethylene Complexes

entry olefin olefin adduct T/°C k/ × 104 s−1 ΔG‡ (kcal/mol)

1 VTMoS t-4(Me) −30 1.4 18.4
2 VTEoS t-4(Et) −30 1.3 18.5
3 VTPoS t-4(iPr) −25 2.2 18.6
4 VDMEoS t-8 −30 2.6 18.1
5 VTMoS t′-6(Me) −30 0.8 18.7
6 C2H4 t-1c −33 3.1 17.8a

7 C2H4 s-2c −20 1.7 19.1
8 VTMoS s-11(Me) −20 2.8 18.9
9 VTEoS s-11(Et) −20 1.4 19.2

aAn identical barrier for this case has previously been reported by
Tempel et al.25

Scheme 5. Insertion of Ethylene into the Pd−CH3 Bond of
Sandwich Complex s-2c
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initially formed β-agostic n-propyl complex. The isopropyl
ethylene complex i-10 gradually rearranges to n-propyl ethylene
complex n-10 (Scheme 5). This same isomerization/trapping
behavior has been found for the traditional diimine complex.25

Addition of 1 equiv of VTMoS to a CD2Cl2 solution of s-2b
at −78 °C leads to clean formation of two isomers of η2-
VTMoS complex s-11(Me) in a 3:2 ratio (Scheme 6). Key 1H

NMR resonances for the major isomer include signals at δ =
4.52, 4.44, and 3.56 ppm for the bound olefinic protons and δ =
0.44 ppm for the Pd−CH3 methyl group. Resonances
attributable to the minor isomer were observed at δ = 4.82,
4.70, 3.27 ppm for bound olefinic protons and δ = 0.52 ppm for
the Pd−CH3 methyl group. Upon warming to −40 °C, a 1:1
equilibrium ratio of isomers is generated. Similar to complex t-
4(Me), migratory insertion of VTMoS complex s-11(Me)
occurs in a 1,2 fashion to form a five-membered chelate
complex, but the case here is complicated by the fact the α-
diimine ligand possesses C2 symmetry and two isomeric five-
membered chelates can be formed. Only one chelate isomer
was fully distinguishable by NMR, due to overlapping and
complex resonances. Key 1H NMR resonances of the major
chelate isomer include signals at δ 1.32 and −0.95 ppm for the
diastereotopic methylene protons of Pd−CH2, δ 1.61 ppm for
the Si−CH methine proton and δ 0.38 ppm for the methyl
group on the chelate. The migratory insertion reaction of the
VTMoS complex s-11(Me) was observed at −20 °C by
monitoring the disappearance of Pd−CH3 methyl resonances.
First-order kinetics were observed with kins = 2.8 × 10−4 s−1

(ΔG‡ = 18.9 kcal/mol). Figure 3 shows an Eyring plot for this
insertion reaction over the range −30 to −17 °C in CD2Cl2.
The activation enthalpy (ΔH‡) is 18.3 ± 2.2 kcal/mol, while
the activation entropy (ΔS‡) is −1.1 ± 8.6 eu. The near-zero
value of ΔS‡ is consistent with an intramolecular migratory
insertion. The insertion barrier (ΔG‡ = 18.9 kcal/mol, −20 °C)
is roughly the same as that for ethylene insertion (ΔG‡ = 19.1
kcal/mol, −20 °C) in complex s-2c and ca. 0.5 kcal/mol higher
than that of VTMoS insertion in the isopropyl complex t-
4(Me) (ΔG‡ = 18.4 kcal/mol, −30 °C). The corresponding
VTEoS complex s-11(Et) displays similar spectral features to
the VTMoS analogue s-11(Me), including the occurrence of
two isomers. At −20 °C, VTEoS inserts into the Pd−CH3 bond
with kins = 1.4 × 10−4 s−1 (ΔG‡ = 19.2 kcal/mol) to afford
chelate complexes. The insertion barrier is ca. 0.3 kcal/mol
higher than that for VTMoS complex s-11(Me) (ΔG‡ = 18.9
kcal/mol, −20 °C) and almost the same as that for sandwich
ethylene complex s-2c (ΔG‡ = 19.1 kcal/mol, −20 °C).
Evidence for β-Silyl Elimination. At higher temperatures, β-

silyl elimination in methyl-substituted traditional complex t′-
7(Me) was observed forming a silyl propylene complex, t′-
13(Me) (Scheme 7).27 Characteristic resonances of bound
propylene in complex t′-13(Me) include δ 5.44, 4.51, and 4.21
ppm for the olefinic protons and δ 1.76 ppm for the methyl

protons. The ratio of complex t′-7(Me) and β-silyl elimination
product t′-13(Me) is ca. 10:1 at −25 °C. The addition of excess
acetonitrile to an NMR sample of t′-7(Me)/t′-13(Me) results
in the quantitative formation of free propylene (1H NMR: 5.80,
5.00, 4.89, and 1.67 ppm) and silyl acetonitrile complex t′-
14(Me) (Scheme 7). In contrast to the methyl-substituted
complex t′-7(Me), the more bulky isopropyl-substituted
complex t-5(Me) forms a much smaller fraction (<5%) of β-
silyl elimination product. Notably, no β-silyl elimination
product could be detected in the case of the sandwich complex
s-12(Me) even at 0 °C.

Chelate Opening with Ethylene and Chain Transfer.
Addition of 20 equiv of ethylene to the CD2Cl2 solution of
isopropyl-substituted complex t-5(Me) at −78 °C results in
rapid formation of a new complex proposed to be t-15 (Scheme
8). Warming from −78 to −60 °C, complex t-15 rapidly

isomerizes to the linear silylpropyl ethylene complex t-16.
Characteristic resonances of complex t-16 were observed at δ
1.52 ppm (t, 3JHH = 8.4 Hz, PdCH2CH2CH2Si(OMe)3), 1.05
ppm (broad multiplet, PdCH2CH2CH2Si(OMe)3), and 0.17
ppm (t, 3JHH = 8.4 Hz, PdCH2CH2CH2Si(OMe)3). Upon
warming to −40 °C, further rearrangement of complex t-16 to
silylethyl ethylene complex t-17 was observed, along with
formation of ca. 1 equiv of free propylene (Scheme 8). The
formation of t-17 was clearly indicated by the presence of two
triplets at δ 1.74 (PdCH2) and δ 0.42 (SiCH2) ppm assigned to
the two sets of methylene protons.
The mechanism proposed for formation of t-16 and t-17 is

shown in Scheme 9. Loss of ethylene from complex t-15 (or
opening of chelate complex t-5(Me)) followed by β-silyl
elimination results in the formation of trimethoxysilyl η2-
propylene intermediate t-18. Intermediate t-18 undergoes a
2,1-migratory insertion to yield t-19.27 Subsequent “chain
walking” via intermediate t-20 yields the observed silylpropyl
ethylene complex t-16. If all steps are rapid and reversible, low
concentrations of intermediate t-18 can be intercepted by
ethylene to form t-22 and (observed) propylene. Insertion of
ethylene to the Pd-silyl bond of t-22 leads to a five-membered
chelate intermediate t-23. Reaction of ethylene (present in

Scheme 6. Insertion of Vinylsilanes into the Pd−CH3 Bonds
of s-11

Scheme 7. β-Silyl Elimination Observed for Chelate
Complex t′-7(Me)

Scheme 8. Chelate Opening of Complex t-5(Me) with
Ethylene
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excess) with intermediate t-23 opens the chelate to generate
the observed silylethyl ethylene complex t-17.
Ethylene complex t-17 in the presence of excess ethylene at

−25 °C undergoes chain growth along with formation of some
1-butene and minor amounts of higher α-olefins.24 Thus, the
picture that emerges for initiation and continued chain growth
is shown in Scheme 10. As the alkyl chain grows longer, the rate
at which chain-walking moves the silyl group to the β position
(necessary for β-silyl elimination) decreases relative to the rate
of ethylene insertion. Thus, elimination and formation of higher
α-olefins will rapidly decrease as the alkyl chain grows.
It is clear from the above results that β-silyl elimination

serves as the chain transfer mechanism and results in the low
molecular weight of copolymers if catalyst t-1 is used (Scheme
11). After chain growth via a series of ethylene insertions,
trapping of this species by the vinylsilane would yield a π-
complex of type t-27. 1,2-Insertion of the vinylsilane would
yield a five-membered chelate t-28 which can undergo β-silyl
elimination to generate t-29. Chain transfer is completed via

associative displacement of the unsaturated chain by ethylene
to yield the silyl ethylene complex, t-31, which can initiate
growth of a new chain as shown above. Species t-29 could
undergo 2,1 insertion to yield t-30, but ultimately, reversible β-
silyl elimination will reform t-29. Chain transfer via this
pathway will result in formation of copolymers with a terminal
olefin end group which matches well with the end group
analysis of these copolymers obtained in copolymerization
experiments (Table 1). This mechanism also accounts for the
incorporation of one −Si(OR)3 group per chain.
In the case on the sandwich system, we have established that

associative displacement of bound ethylene by free ethylene
from a sandwich Pd(II) alkyl ethylene complex is at least 5
orders of magnitude slower than the same displacement
reaction in the traditional catalyst system.20 This feature results
in polyethylene formed from these catalysts having very narrow
molecular weight distributions. On this basis, we would expect
that the rate of chain transfer via the β-silyl mechanism would

Scheme 9. Proposed Mechanism of Formation of Complexes
t-16 and t-17

Scheme 10. Proposed Mechanism of Chain Growth in the Traditional Catalyst System

Scheme 11. Proposed Chain Transfer Process via a β-Silyl
Elimination Mechanism
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be greatly diminished in these copolymerizations. Slow chain
transfer is supported by the observation that copolymers
formed from sandwich catalyst s-2a have very narrow molecular
weight distributions, copolymers can be generated with
considerably higher molecular weights than with t-1a, and
several vinyltrialkoxysilane units can be incorporated per chain.
Additional low temperature NMR experiments confirm this

hypothesis. Addition of 20 equiv of ethylene to a CD2Cl2
solution of sandwich chelate complex s-12(Me) at −78 °C
results in complete opening of the chelate to form two isomers
of the ethylene complex s-15 (Scheme 12). Again, the C2

symmetry of the ligand and the chiral center α to Si results in
formation of two isomers. Upon warming to −20 °C, the
silylpropyl ethylene complex s-16 was observed (in analogy
with t-16) which is readily identified by 1H NMR analysis. The
characteristic resonances of complex s-16 are seen at δ 0.93
ppm (PdCH2CH2CH2Si(OMe)3), −0.03 ppm (broad multip-
lets, PdCH2CH2CH2Si(OMe)3), and −0.62 ppm (t, 3JHH = 12.0
Hz, PdCH2CH2CH2Si(OMe)3). Complex s-16 reacts with
ethylene and alkyl chain growth ensues as evidenced by the
disappearance of the signals of s-16 and the decrease in the
ethylene resonance. A key point is that no f ree propylene was
detected even at 0 °C. Thus, while β-silyl elimination must occur
in converting s-15 to s-16 via a silyl propylene complex,
propylene is not displaced by ethylene but rather chain growth
via ethylene insertion ensues.28 These observations establish
that the rate of chain transfer via the β-silyl mechanism is very
greatly retarded in this sandwich catalyst system due to the very
slow associative displacement of olefins from any silyl olefin
complex intermediates.
Chain Propagation. Since chelate opening by ethylene is

extremely rapid and no observable chelate is detected in the
presence of ethylene, it is clear that alkyl ethylene complexes
are the catalyst resting states. The rate of migratory insertion of
ethylene controls the turnover frequency which will be zero-
order in ethylene. The turnover frequencies for the two
catalysts were determined by NMR spectroscopy by measuring
the decreasing signal for free ethylene in solution (Table 3).25

The numbers are consistent with values determined for
homopolymerizations of ethylene where the alkyl ethylene
complexes are the resting states. For the isopropyl-substituted
system t-17, the average rate of ethylene insertion was
measured at −25 °C and the corresponding activation barrier,
ΔG‡, was determined to be 18.4 kcal/mol, which is, as

expected, nearly the same as that for ethylene homopolyme-
rization, ΔG‡ = 17.9 kcal/mol at −28 °C.25

For the sandwich complex s-16, the rate constant for
ethylene insertion was determined to be 5.8 × 10−4 s−1 at 0 °C
(ΔG‡ = 20.0 kcal/mol). This barrier is the same as that for
ethylene homopolymerization (ΔG‡ = 19.9 kcal/mol, 0 °C)
and ca. 1.6 kcal/mol higher than that of the isopropyl system t-
17 (ΔG‡ = 18.4 kcal/mol, −25 °C).

Relative Binding Constants. In the copolymerization of
ethylene and methyl acrylate using traditional α-diimine
catalysts, where ligand exchange is faster than insertion, the
incorporation ratio of ethylene vs MA into the copolymer is
determined by their relative insertion rates, their relative
binding affinities, and their relative concentrations in solution.8

Given that the insertion barriers of vinylalkoxysilanes are
comparable to those of ethylene, the relative binding affinities
of vinyltrialkoxysilanes and ethylene become a key factor in
determining the incorporation ratio aside from the concen-
tration difference in the solution of ethylene and the
vinylalkoxysilane.
For the isopropyl catalyst system, t-1, equilibrium constants

for the reaction depicted in Scheme 13 were measured by low-

temperature 1H NMR spectroscopy. Results show that ethylene
binds more strongly than vinyltrialkoxysilanes, presumably due
to steric factors. For VTMoS, the equilibrium constant (Keq) is
4.8 × 10−3 at −87 °C (ΔG = 2.0 kcal/mol), while, for
vinyltriethoxysilane (VTEoS), the equilibrium constant is
slightly smaller, Keq = 3.1 × 10−3, ΔG = 2.1 kcal/mol. In
comparison to the binding affinity of methyl acrylate where an
analogous Keq = 1.0 × 10−6 (−95 °C),8 the vinyltrialkoxysilanes
bind ca. 1000 times more strongly. Extrapolating the above data
to the temperature of the copolymerization reactions (22 °C)
and assuming ΔS = 0, the equilibrium constants calculated are
0.033 and 0.028, respectively, which favor ethylene but not to
such a high degree to exclude significant polar monomer
incorporation.
By extrapolation of these data to the temperature of the

copolymerization reaction (22 °C), we find good agreement
with the incorporation ratio observed in copolymerization of
ethylene with VTEoS. Eyring analyses have not been carried
out for the ethylene and VTEoS insertions, but assuming a

Scheme 12. Chelate Opening with Ethylene in Sandwich
Complex s-12(Me)

Table 3. Average Rates for Subsequent Ethylene Insertions

entry olefin
initiating
complex T/°C k/ × 104 s−1

ΔG‡

(kcal/mol)

1 VTMoS t-17 −25 3.1 18.4
2 C2H4 t-1c −28 5.6 17.9a

3 VTMoS s-16 0 5.8 20.0
4 C2H4 s-2c 0 6.7 19.9

aThis barrier has also been measured to be ΔG‡ = 18.0 kcal/mol, −26
°C by Tempel et al.25

Scheme 13. Relative Binding Affinities of Ethylene and
Vinylalkoxysilanes

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b10462
J. Am. Chem. Soc. 2016, 138, 16120−16129

16126

http://dx.doi.org/10.1021/jacs.6b10462


similar ΔS‡ to that for VTMoS complex t-4(Me) (−4.1 ± 9.1
eu) and using the measured ΔG‡ at −30 °C (18.5 kcal/mol) for
VTEoS complex t-4(Et) and the measured barrier for ethylene
insertion at −33 °C (17.8 kcal/mol), barriers for insertion of
VTEoS and ethylene at 22 °C can be estimated as ca. 18.7 and
18.0 kcal/mol, respectively. The estimated difference between
these two insertion barriers at 22 °C of ca. 0.7 kcal/mol
corresponds to a rate ratio kVTEoS/kethylene of ca. 0.3. Multiplying
this insertion rate ratio by the relative binding affinities and
taking into account the olefin concentrations in entry 1, Table 1
(i.e., [VTEoS] = 0.52 M, [Ethylene] = 1.39 M),29 a VTEoS
incorporation ratio of ca. 0.31 mol % is predicted, which agrees
reasonably well with that of 0.26 mol % observed.
As for the sandwich catalyst system, attempted measurement

of the equilibrium of s-2c and s-11(Me) (or s-11(Et)) at low
temperatures was unsuccessful due to the extremely slow
exchange rates and the fact that migratory insertions of these
complexes are faster than ligand exchanges. We can, however,
measure the relative kinetic trapping rates of ether complex s-
2b by vinyltrialkoxysilanes versus ethylene to yield complexes s-
2c and s-11(Me) or s-11(Et) as shown in Scheme 14. For

vinyltrimethoxysilane (VTMoS), the relative trapping rate
kVTMoS/kethylene is ca. 0.33 at −60 °C, while that of VTEoS is
essentially the same, ca. 0.34 at −60 °C. These relative trapping
rates are ca. 10 times greater than relative binding affinities for
the traditional complex at 22 °C, which might account for the
higher incorporation ratio (ca. 2 times) of VTEoS in the
copolymer produced by the “sandwich” complex s-2a relative to
complex t-1a, despite the fact that s-2a contains the more
crowded binding site.30,31 We cannot estimate what the
incorporation level of vinyltrialkoxysilanes should be as we do
not know what the trapping ratios of the bulkier β-agostic alkyl
intermediates32 will be relative to the ether complexes s-2b.
Furthermore, some displacement of the more weakly binding
vinylsilane may be competitive with insertion under the
polymerization conditions. But, nonetheless, slow olefin
exchange coupled with favorable kinetic trapping ratios
provides a potential rationale for the observation that greater
levels of the vinylsilanes can be incorporated into copolymers
produced using the bulkier sandwich catalysts.

■ CONCLUSIONS
The α-diimine Pd(II) catalysts t-1a and s-2a exhibit functional
group tolerance and allow for the copolymerization of ethylene
with vinyltrialkoxysilanes to yield highly branched copolymers
at rates similar to those for the homopolymerization of
ethylene. This behavior is in contrast to the copolymerization
of ethylene with methyl acrylate using these catalysts where

rates are significantly reduced relative to the ethylene
homopolymerizations. Studies reported here have exposed
numerous mechanistic features of the chain growth and
termination processes which together provide a rationale for
the behavior of these copolymerizations reactions. Key points
are summarized below:

(1) The traditional catalyst t-1a copolymerizes ethylene with
VTEoS to give highly branched functionalized poly-
ethylene. In comparison to copolymerization of ethylene
with methyl acrylate, the rate of copolymerization of
ethylene with VTEoS is much higher and comparable to
that of ethylene homopolymerization, but at the same
time, molecular weights of the copolymers are much
lower than those of the homopolymer.

(2) The cationic (α-diimine)PdMe(OEt2)
+ complexes react

rapidly with vinyltrimethoxysilane (VTMoS) to form η2-
olefin complexes at −78 °C. Migratory insertion of
VTMoS into the Pd−CH3 bond occurs regioselectively
in a 1,2 fashion to yield five-membered chelates.
Insertion barriers of VTMoS were determined and
found to be only slightly higher than those for ethylene
insertions. Thus, slow insertion rates of the comonomer
are not a factor in retarding the levels of comonomer
incorporation.

(3) The five-membered chelates formed from VTMoS
insertion are very rapidly opened at −78 °C by ethylene
to form Pd(II) ethylene alkyl complexes. Equilibrium
between the chelates and the opened alkyl ethylene
complexes strongly favors the opened ethylene alkyl
species. Thus, copolymerization rates are not retarded by
chelate formation. This behavior is in contrast to MA
where the chelate generated from MA insertion is
favored over the open alkyl ethylene complex.

(4) For traditional catalyst t-1b, associative exchange of
olefins is rapid relative to insertion; thus, the fraction of
vinylsilane incorporation is determined by the relative
binding affinities of the two monomers coupled with
their relative insertion rates (Curtin−Hammett kinetics).
Under polymerization conditions, the ratio of insertion
rates, kVTEoS/kethylene, was estimated as ca. 0.3 and the
relative binding affinity of the vinyltrialkoxysilanes and
ethylene was ca. 0.03. By taking into account monomer
concentrations, the estimated VTEoS incorporation for
entry 1, Table 1 is 0.31 mol % in reasonable agreement
with the observed value of 0.26 mol %. This level of
incorporation is sufficient to effect cross-linking. In the
case of the sandwich complex, the exchange rates of
olefins are quite slow; thus, silane incorporation levels are
determined, at least in part, by relative rates of trapping
of the cationic β-agostic alkyl complexes. The relative
rates (ksilane/kethylene) of trapping the methyl diethyl ether
complex s-2b are ca. 0.3, which favor ethylene, and have
a smaller difference between silanes and ethylene than
the relative binding affinities.33 This feature results,
surprisingly, in a higher level of incorporation of the
vinyltrialkoxysilanes into the copolymers relative to the
traditional catalysts, even though the sandwich catalysts
possess more hindered coordination sites.

(5) For the traditional catalyst t-1a, each copolymer chain
produced contains one vinyltrialkoxysilane unit and the
copolymer molecular weights decrease as the concen-
tration of the vinyltrialkoxysilane increases. The Mw/Mn

Scheme 14. Relative Trapping Rates of Ethylene and
Vinyltrialkoxysilanes
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values of these polymers are ca. 2 showing the Mn values
are chain-transfer limited. Low temperature NMR studies
established that the chelate intermediates undergo facile
β-silyl elimination with associative displacement of the
formed olefin by ethylene. Thus, insertion of
vinyltrialkoxysilane into a growing chain results in
chain transfer and initiation of a new chain via silane
insertion; each chain produced bears a −Si(OR)3 end
group. For the sandwich catalyst β-silyl elimination could
occur, but the formed olefin is not displaced. Thus, the
vinylsilane monomers do not induce rapid chain transfer,
high molecular weight polymers can be produced with
narrow molecular weight distributions, and many vinyl-
trialkoxysilane monomers can be incorporated into a
single chain.

Due to the high cost of palladium and the relative low
activities of these catalysts, they hold little industrial interest.
We are currently extending mechanistic and preparative studies
to nickel analogs that show much higher activities.
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