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Tandem vinyl insertion-/ring-opening metathesis
copolymerization with ansa-6-[2-(dimesitylboryl)-
phenyl]pyrid-2-ylamido zirconium complexes: role
of trialkylaluminum and MAO†

Min Wang,a Dongren Wang,a Laura Widmann,a Wolfgang Freyb and
Michael R. Buchmeiser*a,c

The novel dialkylzirconium complexes L’ZrR2, (R = CH3, Bn = benzyl, CH2SiMe3, L’ = Me2Si{η5-tetra-
methylcyclopentadienyl}{6-[2-(dimesitylboryl)phenyl]pyrid-2-ylamido}) were synthesized. Upon acti-

vation with 1 equiv. of [Ph3C]
+[B(C6F5)4]

−, both L’Zr(CH3)2 and L’Zr(Bn)2 are quantitatively converted

in situ into [L’Zr(CH3)]
+[B(C6F5)4]

− and [L’Zr(Bn)]+[B(C6F5)4]
− while only 28 mol% conversion is observed

with L’Zr(CH2SiMe3)2. The aluminum-free cationic catalysts [L’Zr(CH3)]
+[B(C6F5)4]

−, [L’Zr(Bn)]+[B(C6F5)4]
−

and [L’Zr(CH2SiMe3)]
+[B(C6F5)4]

− initiate ring-opening metathesis polymerization (ROMP) of NBE to form

predominantly cis-poly(NBE)ROMP. Upon activation with [Ph3C]
+[B(C6F5)4]

− and AliBu3, L’Zr(CH3)2, L’Zr

(Bn)2 and L’Zr(CH2SiMe3)2 also exhibit moderate catalytic activity in the copolymerization of ethylene (E)

with NBE. The resulting copolymers do not contain any ROMP-derived poly(NBE), which is in stark con-

trast to the complexes’ homopolymerization propensity for NBE. Upon activation with methylalumoxane

(MAO), L’Zr(CH3)2 and L’Zr(Bn)2 produce pure vinyl-insertion polymerization-derived poly(NBE)-co-poly

(E) while L’Zr(CH2SiMe3)2 allows for the synthesis of predominantly trans-poly(NBE)ROMP-co-poly

(NBE)VIP-co-poly(E)-based copolymers via an α-H+ elimination/addition process. Our findings are dis-

cussed on the basis of the instability of the alkylidenes in the presence of E and the blocking effect of

aluminum alkyls on ROMP via coordination to the pyridyl-moiety in the cationic complexes.

Introduction

Group 4 transition-metal monocyclopentadienyl-amido com-
plexes are of considerable interest due to their remarkable
activity in α-olefin polymerization.1–3 The ability to addition-
ally incorporate bulkier olefins, e.g., norborn-2-ene (NBE), has
attracted significant attention.4 Introduction of alkyl substitu-
ents instead of halides has a significant impact on the reactiv-

ity of group 4 initiators and affects both catalytic activity and
polymer properties such as molecular weight and comonomer
incorporation.5,6 Generally, metal alkyl cations, formed from
the neutral dialkyl progenitor complexes upon activation with
co-catalysts, e.g., [HNMe2Ph]

+[B(C6F5)4]
−, B(C6F5)3 or trityl

borate [Ph3C]
+[B(C6F5)4]

−,7 are assumed to represent the active
species in olefin polymerization.

Our previous studies8 revealed that group 4 metal dichloro
complexes of the general formula L′MCl2 (M = Ti, Zr; L′ =
Me2Si{η5-tetramethylcyclopentadienyl}{6-[2-(R′2-boryl)phenyl]
pyrid-2-ylamido}, R′ = e.g., mesityl, ethyl, Scheme 1) activated
by methylalumoxane (MAO) allow the synthesis of ethylene-
norborn-2-ene (E-NBE) copolymers with both ring-opening
metathesis polymerization (ROMP)- and vinyl-insertion
polymerization (VIP)-derived poly(NBE) sequences within one
single polymer chain, that is poly(NBE)ROMP-co-poly(NBE)VIP-
co-poly(E) (Fig. 1). This was explained by a switch from VIP to
ROMP via α-H+ elimination from the growing polymer chain
by the pyridyl nitrogen.

This switch can be tuned via the temperature-dependent dis-
sociation of the N–B bond9 for which detailed variable-tempera-
ture 1H and 11B NMR measurements have been carried out.

†Electronic supplementary information (ESI) available: 1H-, 13C-NMR spectra
and crystallographic data for L′Zr(CH3)2, L′Zr(Bn)2 and L′Zr(CH2SiMe3)2,
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With the aid of a variety of different pre-catalysts, the following
key features have already been identified:8–14 (i) a crowded ligand
sphere around the metal favors the α-H+ elimination process, i.e.
the switch from VIP to ROMP, (ii) high NBE concentrations are
required to support this switch from VIP to ROMP, and (iii) the
propensity of the pyridine group to coordinate to boron can be
governed by the sterics of the substituents at boron.

Unfortunately, the catalytic system L′ZrCl2/MAO displays a
low activity in E-NBE copolymerization (≤6 kg of polymer
mol−1catalyst h

−1 bar−1), which has been attributed to the bulky
ligand sphere and the propensity of the alkylidene to undergo
cross metathesis with ethylene.12 Generally, cationic M-alkyl
catalysts derived from L′MR2 via borane- or borate-activation
have been demonstrated to display higher polymerization
activity than the corresponding cationic M-alkyl catalysts
derived from L′MCl2/MAO. This can be explained by the fact
that catalysts of the type [L′MR]+[BArF]− are truly catalytic
species while the systems L′MR+/MAO in fact exist in the form
of ion pairs or even adducts of the general formula [L′M
(μ-R)2AlR2]

+[RMAO]−.7,15–17

Here, we report on structural modifications on the half-
sandwich zirconium dichlorides (L′ZrCl2) by replacement of
both chloro ligands by dialkyl groups (alkyl = CH3, benzyl,
CH2SiMe3). The desired cationic complexes were then prepared
via treatment of the dialkyl complexes with a stoichiometric
amount of [Ph3C]

+[B(C6F5)4]
−. The catalytic performance of the

cationic complexes in the homopolymerization of both NBE
and E as well as in the copolymerization of E with NBE was
explored in comparison to the parent dichloro-complex
L′ZrCl2, activated by MAO.

Results and discussion

L′ZrCl2 was prepared as reported.12 Treatment of L′ZrCl2 with
the corresponding Grignard reagents in diethyl ether18–24

resulted in the formation of the dialkylzirconium complexes
L′Zr(CH3)2, L′Zr(Bn)2 (Bn = benzyl) and L′Zr(CH2SiMe3)2. The
synthetic routes are outlined in Scheme 1. Crystals suitable for
single-crystal X-ray diffraction were grown from saturated
diethyl ether solution. L′Zr(CH3)2 crystalizes in the triclinic
space group P1̄, a = 868.85(10), b = 1218.49(12), c = 1810.5(2)
pm, α = 79.834°, β = 85.356°, γ = 81.823°, Z = 2 (Fig. 2). The
Zr(1)–Namide distance is 216.0(2) pm, which is longer than in
L′ZrCl2 (210.85 pm). The pyridyl nitrogen is coordinated to
zirconium (Zr(1)–N(2) = 253.9 pm) and not to the boron atom.
Both the Zr–Npyridine and the Zr–Namide distances are longer
than in L′ZrCl2 (Table 1), which is attributed to the electron-
donating property of the dimethyl groups.

L′Zr(Bn)2 crystalizes in the monoclinic space group P21/c,
a = 2791.4(2), b = 1601.47(9), c = 1021.51(7) pm, α = 90°, β =
95.322°, γ = 90°, Z = 4 (Fig. 3). The pyridyl nitrogen in L′Zr(Bn)2
is neither coordinated to zirconium nor to the boron atom,
which is in stark contrast to the situation in L′ZrCl2 and L′Zr
(CH3)2. We tentatively attribute this finding to the increased
steric demand of the benzyl groups. The Zr(1)–Namide distance
is 208.9(6) pm, which is significantly shorter than in L′Zr
(CH3)2 (216.0 pm), attributable to the fact that the pyridine is
uncoordinated. The angles C(42)–C(41)–Zr(1) and C(49)–C(48)–
Zr(1) are 123.6(3)° and 91.1(3)°, respectively, which reveals that
two benzyl ligands are inequivalent in the solid state, one
adopting an η1-bonding mode (123.6°) and the other η2-
bonding25–30 (91.1°). In contrast to the solid state, the two
benzyl groups in L′Zr(Bn)2 are magnetically equivalent in solu-
tion (CD2Cl2), with two diastereotopic benzylic protons at δ =
2.06 and 1.93 ppm ( J = 52.0 Hz).

L′Zr(CH2SiMe3)2 (Fig. 4) crystalizes in the triclinic space
group P1̄, a = 1114.92(5), b = 1131.88(5), c = 2027.72(9) pm, α =
89.308°, β = 82.967°, γ = 77.549°, Z = 2. The pyridyl nitrogen is
neither coordinated to Zr nor to B, similar to L′Zr(Bn)2. The
Zr(1)–Namide distance is 213.23(11) pm, which is shorter
than in L′Zr(CH3)2 (216.0 pm) but longer than in L′Zr(Bn)2
(208.9 pm).

Scheme 1 Synthesis of L’Zr(CH3)2, L’Zr(Bn)2, L’Zr(CH2SiMe3)2 and the corresponding cationic complexes. Here, R’ = mesityl.

Fig. 1 Proposed structure of ROMP/VIP-derived poly(NBE)-co-poly(E)
produced by L’MCl2/MAO.9
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The corresponding cationic complexes were created in situ
by abstraction of one alkyl group from the corresponding
dialkyl complexes using 1 equiv. of [Ph3C]

+[B(C6F5)4]
− in

CD2Cl2
31,32 (Scheme 1). For L′Zr(CH3)2 and L′Zr(Bn)2,

1H NMR
spectroscopy was indicative for the quantitative conversion of
the dialkyl complexes to the corresponding cationic com-
plexes. However, addition of [Ph3C]

+[B(C6F5)4]
− to a CD2Cl2

solution of L′Zr(CH2SiMe3)2 resulted only in ∼28 mol% for-
mation of the cationic complex, probably due to the sterics of
two CH2SiMe3 groups at the metal and their low reactivity with
[Ph3C]

+[B(C6F5)4]
−. Among these monoalkyl cationic com-

plexes, isolation of the methyl cation with one diethyl ether
molecule coordinated to Zr as indicated by NMR and elemen-
tal analysis was successful.

Dialkyl complexes are also valuable progenitors for the for-
mation of metal alkylidenes through thermally induced α-H
elimination.33 Alternatively, α-hydrogen abstraction can be
induced by the addition of phosphines (PMe3, PPhMe2,
PPh2Me, etc.).34–39 The resulting alkylidenes are the key
species in metathesis polymerization. Unfortunately, all
attempts to generate metal alkylidenes through thermolysis or
by the addition of phosphines to the neutral alkyl compounds
were unsuccessful. Thus, in toluene-d8, L′Zr(CH3)2, L′Zr(Bn)2,
L′Zr(CH2SiMe3)2 were found to be thermally stable at least up
to 80 °C. The same accounts for [L′Zr(CH3)]

+, [L′Zr(Bn)]+ and
[L′Zr(CH2SiMe3)]

+[B(C6F5)4]
− in o-C6D4Cl2. Even in the pres-

ence of 3–7 equiv. of PMe3 or PPhMe2 with respect to Zr, no
transformation of the Zr-dialkyls to the corresponding Zr-alkyl-
idenes was observed by 1H NMR.

NBE homopolymerization and E-NBE copolymerization

Ring-opening metathesis homopolymerization of NBE by the
action of in situ generated [L′Zr(CH3)]

+, [L′Zr(Bn)]+ and [L′Zr-
(CH2SiMe3)]

+[B(C6F5)4]
− was carried out in toluene at different

temperatures (Table 2). Notably, productivity of [L′Zr(Bn)]+-
[B(C6F5)4]

− at 80 °C was remarkably higher (140 kg of polymer
mol−1catalyst h−1) than that of [L′Zr(CH3)]

+ and [L′Zr-
(CH2SiMe3)]

+[B(C6F5)4]
−, which is attributable to a higher pro-

pensity of [L′Zr(Bn)]+ to form L′ZrvCHPh. Interestingly, all
polymers were purely ROMP-derived poly(NBE) and did not
contain any VIP-type poly(NBE) as evidenced by 13C NMR
(Fig. S1b–S4b, ESI†). The cis-content of the polymers increased

Table 1 Selected bond lengths [pm] for L’ZrCl2, L’Zr(CH3)2, L’Zr(Bn)2
and L’Zr(CH2SiMe3)2

# L′ZrCl2 L′Zr(CH3)2 L′Zr(Bn)2 L′Zr(CH2SiMe3)2

Zr–Namide 210.85 216.0 208.9 213.23
Zr–Npyridine 249.61 253.9 — —
Zr–Calkyl — 224.4/226.9 226.2/227.9 224.3/225.5

Fig. 3 Single-crystal X-ray structure of L’Zr(Bn)2. Selected bond lengths
[pm] and angles [°]: Zr(1)–N(1) 208.9(6), Zr(1)–C(48) 226.2(5), Zr(1)–C(41)
227.9(5), Zr(1)–C(32) 243.3(5), Zr(1)–C(33) 247.4(5), Zr(1)–C(34) 260.0(6),
Zr(1)–C(35) 257.7(7), Zr(1)–C(36) 251.4(5); N(1)–Zr(1)–C(48) 109.8(2), N
(1)–Zr(1)–C(41) 102.59(19), C(48)–Zr(1)–C(41) 117.38(19), C(42)–C(41)–
Zr(1) 123.6(3), C(49)–C(48)–Zr(1) 91.1(3).

Fig. 2 Single-crystal X-ray structure of L’Zr(CH3)2. Selected bond
lengths [pm] and angles [°]: Zr(1)–N(1) 216.0(2), Zr(1)–C(30) 224.4(2),
Zr(1)–C(31) 226.9(3), Zr(1)–C(34) 247.3(2), Zr(1)–C(35) 248.4(3), Zr(1)–
C(38) 251.4(2), Zr(1)–N(2) 253.9(2), Zr(1)–C(36) 258.1(3), Zr(1)–C(37)
258.1(2), Zr(1)–C(1) 283.7(3); N(1)–Zr(1)–C(30) 107.52(10), N(1)–Zr(1)–
C(31) 132.95(9), C(30)–Zr(1)–C(31) 102.70(10), N(1)–Zr(1)–N(2) 56.29(7),
C(30)–Zr(1)–N(2) 90.31(8), C(31)–Zr(1)–N(2) 88.90(8).
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with decreasing polymerization temperature (52 < σcis < 85%,
Fig. S1a–S4a, ESI†) and correlated with Tg;

40 however, it was
lower (Fig. S1a–S4a, ESI†) than that in poly(NBE)s prepared by

the action of L′ZrCl2/MAO (86 < σcis < 95%).12 This points
towards stronger ion pairing of the cations with MAO than
with the [B(C6F5)4]

− anion and consequently a significant
influence of the large MAO on the geometry of the active
centers. In terms of mechanism, the formation of poly-
(NBE)ROMP must proceed by the formation of zirconium
alkylidenes,34–39,41–48 promoted by the approach of NBE mole-
cules or by the NBE insertion into the metal–carbon bond of
the parent cationic system followed by α-hydrogen abstraction
(Scheme 2, vide infra). However, no alkylidene species were
spectroscopically detectable. Obviously, only minor amounts
of the corresponding cations convert into alkylidenes. The
comparably high polydispersity indexes are tentatively attribu-
ted to secondary metathesis, i.e. to back-biting.

Cationic group 4 transition-metal alkyl complexes have
been reported to exhibit high catalytic activity and efficient
incorporation of bulky comonomers in the absence of alumi-
num co-catalysts.5,6,49,50 It was therefore of interest to explore
the copolymerization of E with NBE with [L′Zr(CH3)]

+, [L′Zr
(Bn)]+ and [L′Zr(CH2SiMe3)]

+[B(C6F5)4]
−. Unfortunately, none

of these catalysts was capable of homopolymerizing E or co-
polymerizing E with NBE to yield high molecular weight (co-)
polymers without the involvement of aluminum alkyl activa-
tors. For reasons, vide infra.

Upon in situ activation with [Ph3C]
+[B(C6F5)4]

− and triiso-
butylaluminum (AliBu3),

51–60 L′Zr(CH3)2, L′Zr(Bn)2 and L′Zr
(CH2SiMe3)2 showed moderate catalytic activity in E-NBE co-
polymerization ranging from 15 to 80 kg of polymer mol−1catalyst
h−1 bar−1, which is significantly higher than the activity of L′
ZrCl2/MAO (≤4 kg of polymer mol−1catalyst h

−1 bar−1)12 under
similar conditions (Table 3, entries 2–6). It is worth noting
that L′Zr(Bn)2 exhibited the highest productivity (80 kg of
polymer mol−1catalyst h

−1 bar−1) in E-NBE copolymerization, in
line with its highest activity in NBE homopolymerization
(vide supra). This high activity of [L′Zr(Bn)]+[B(C6F5)4]

− might
be attributed to a reversible η2–η1 rearrangement of the
benzylic group, which stabilizes the active sites and reduces
deactivation.15 Generally, NBE incorporation into the copoly-
mers was low (≤2 mol%) compared to the one obtained with L′
ZrCl2/MAO (28 mol%) under similar conditions.12 Solely VIP-
derived poly(NBE) moieties were observed in poly(E)-co-poly
(NBE) (Fig. 5). The characteristic resonances at δ = 47.0 (C2/C3),
41.5 (C1/C4) and 32.9 (C7) ppm are assignable to alternating
syndiotactic (alt-st, E-NBE-E-NBE)/isolated (E-NBE-E-E) VIP-
derived sequences while the signal at δ = 29.5 ppm corres-
ponds to PE sequences.61,62 Also, no signals for alternating
isotactic (alt-it, E-NBE-E-NBE) units, NBE diads (E-NBE-NBE-E)
or triads (E-NBE-NBE-NBE-E) were observed. Although the alt-
st and isolated NBE sequences cannot be distinguished as a
result of overlapping signals, it is with respect to the low NBE
incorporation and the bulky ligand sphere reasonable to
propose isolated NBE sequences. 13C NMR analysis proved that
PE sequences in the copolymers were mostly mainly linear
with low degrees of branching (∼1 branch per 1000 carbons),
indicative for a low β-hydride elimination and chain-walking
propensity.

Table 2 Results for NBE homopolymerization (ROMP) by the action of
L’Zr(CH3)2, L’Zr(Bn)2 and L’Zr(CH2SiMe3)2 activated by [Ph3C]

+[B
(C6F5)4]

− a

# Catalyst T (°C) Ab
Mn

c

(g mol−1) Đc Tg
d (°C) cise (%)

1 L′Zr(CH3)2 50 10 170 000 2.7 58 85
2 L′Zr(CH3)2 65 12 92 000 2.5 56 71
3 L′Zr(CH3)2 80 45 10 000 1.6 47 52
4 L′Zr(Bn)2 50 2 — — 48 69
5 L′Zr(Bn)2 65 10 100 000 3.1 53 70
6 L′Zr(Bn)2 80 140 14 000 2.2 39 72
7 L′Zr(CH2SiMe3)2 50 5 200 000 2.1 45 72
8 L′Zr(CH2SiMe3)2 65 10 43 000 1.1 50 71
9 L′Zr(CH2SiMe3)2 80 9 21 000 1.9 53 61

a 100 mL Schlenk flask, total volume of reaction mixture: 50 mL of
toluene, [catalyst] = 1 × 10−4 mol L−1, catalyst : [Ph3C]

+[B(C6F5)4]
− : NBE

= 1 : 1 : 10 000, t = 1 h. b Activity in kg of polymer mol−1catalyst h−1.
cMolecular weights (Mn) and polydispersity indexes (Đ) determined by
HT-GPC in 1,2,4-trichlorobenzene vs. PS. dMeasured by DSC.
eDetermined by 1H NMR analysis in 1,1,2,2-tetrachloroentane-d2.

Fig. 4 Single-crystal X-ray structure of L’Zr(CH2SiMe3)2. Selected bond
lengths [pm] and angles [°]: Zr(1)–N(1) 213.23(11), Zr(1)–C(32) 224.30(13),
Zr(1)–C(36) 225.50(14), Zr(1)–C(40) 246.68(13), Zr(1)–C(44) 248.05(13),
Zr(1)–C(41) 252.47(13), Zr(1)–C(43) 259.96(13), Zr(1)–C(42) 261.18(13);
N(1)–Zr(1)–C(32) 111.58(5), N(1)–Zr(1)–C(36) 103.35(5), C(32)–Zr(1)–C(36)
103.35(5), Si(2)–C(32)–Zr(1) 130.85(7), Si(3)–C(36)–Zr(1) 126.57(7).
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In addition, a terminal vinyl group was observed in all PE
sequences of copolymers as clearly demonstrated by multiplets
at δ = 5.9 and 5.0 ppm in the 1H NMR spectrum (Fig. S5, ESI†)
and at δ = 139.3 and 114.1 ppm in the 13C NMR spectrum14

(Fig. 5). Similarly, the PE prepared from L′Zr(CH3)2/
[Ph3C]

+[B(C6F5)4]
−/AliBu3 showed vinyl terminals (Fig. S6,

ESI†); the PE itself was mainly linear with 2 branches per 1000
carbons as estimated by 13C NMR (Fig. S7, ESI†). In combi-
nation with the melting point (Tm) of poly(E)-co-poly(NBE),
which ranged from 129 to 131 °C and a single peak in the
GPC, the structure of the copolymers produced by L′Zr(CH3)2,
L′Zr(Bn)2 and L′Zr(CH2SiMe3)2 activated with [Ph3C]

+-

[B(C6F5)4]
− and AliBu3 was VIP-type poly(E)-co-poly(NBE) with few

branches (Fig. 5 and Fig. S8–S9, ESI†). With L′Zr(CH3)
+/AliBu3,

an increase in polymerization temperature from 30 to 80 °C
resulted in a dramatic decrease in molecular weight (Mn) from
570 000 to 32 000 g mol−1 and a significant increase in the
polydispersity index (Đ) from 2.6 to 7.6, indicative for substan-
tial β-hydride elimination/chain transfer to monomer.

Generally, AlR3 plays an essential role in the polymerization
process. In VIP, heterobimetallic complexes termed as
[L′M(μ-R)2AlR2]

+ are considered to be the dormant
species.15,63–65 Consequently, subsequent dissociation of AlR3

to form metal alkyl cations is the key step in olefin polymeri-

Scheme 2 Proposed mechanism for the formation of poly(NBE)ROMP-co-poly(NBE)VIP-co-poly(E) by the action of L’Zr(CH2SiMe3)2/MAO.
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zation.15,66 The reversible coordination/decoordination of the
pyridyl group in L′ZrCl2 has been shown to play a crucial role
in the α-hydrogen abstraction process.12 Unlike L′ZrCl2, L′Zr
(CH3)2 displays only the “open” structure with no pyridyl
coordination to boron as evidenced by 11B NMR67–69 (Fig. S10,

ESI†), which is attributed to the electron richer nature of the
complex. The boron signals in the 11B NMR of L′Zr(Bn)2 and L′
Zr(CH2SiMe3)2 are too weak and do not allow any conclusive
structure assignment (i.e. coordinated vs. non-coordinated).
However, in view of the similar electronic nature of the benzyl

Table 3 Results for E homopolymerization by the action of L’Zr(CH3)2
a and E-NBE copolymerization by the action of L’Zr(CH3)2, L’Zr(Bn)2 and L’Zr

(CH2SiMe3)2 activated by [Ph3C]
+[B(C6F5)4]

−/AliBu3
a and MAOb

# Catalyst Monomers T (°C) Ac CNBE
d (mol%) Mn

e (g mol−1) Đe Tm
f (°C)

1a L′Zr(CH3)2 E 50 30 — 1 000 000 2.9 129
2a L′Zr(CH3)2 E/NBE 30 15 1.7 570 000 2.6 131
3a L′Zr(CH3)2 E/NBE 50 60 1.5 300 000 4.3 129
4a L′Zr(CH3)2 E/NBE 80 42 1.7 32 000 7.6 129
5a L′Zr(Bn)2 E/NBE 50 80 0.5 340 000 6.3 131
6a L′Zr(CH2SiMe3)2 E/NBE 50 45 2.0 >6 000 000 — 130
7b L′Zr(CH3)2 E/NBE 50 4 1.1 >6 000 000 — 125
8b L′Zr(Bn)2 E/NBE 50 4 2.0 640 000 2.7 128
9b L′Zr(CH2SiMe3)2 E/NBE 30 5 3 490 000 2.5 123
10b L′Zr(CH2SiMe3)2 E/NBE 50 7 25 220 000 2.4 121
11b L′Zr(CH2SiMe3)2 E/NBE 80 3 19 660 000 4.6 126

a 250 mL of toluene (including the volume of monomer), t = 1 h, [catalyst] = 2 × 10−5 mol L−1, catalyst : [Ph3C]
+[B(C6F5)4]

− : AliBu3 = 1 : 1 : 350 or
catalyst : [Ph3C]

+[B(C6F5)4]
− : AliBu3 : NBE = 1 : 1 : 350 : 20 000, pethylene = 4 bar. b Catalyst : MAO : NBE = 1 : 2000 : 20 000, pethylene = 4 bar. c Activity in

kg of polymer mol−1catalyst h
−1 bar−1. dNBE content in the copolymer [mol%] as estimated by 13C NMR spectroscopy. eMolecular weights (Mn)

and polydispersity indexes (Đ) determined by HT-GPC in 1,2,4-trichlorobenzene vs. PS. fMeasured by DSC.

Fig. 5 13C NMR spectrum of poly(E)-co-poly(NBE)VIP produced by L’Zr(CH3)2/[Ph3C]
+[B(C6F5)4]

−/AliBu3 (Table 3, entry 4). The signal at δ =
120.5 ppm stems from the impurity in 1,1,2,2-tetrachloroethane-d2.
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and CH2SiMe3 groups and the solid state structures it is
reasonable to assume that the pyridine group is not
coordinated to boron in the temperature range of polymeri-
zation. The finding that [L′ZrR]+[B(C6F5)4]

− (R = CH3, Bn,
CH2SiMe3) forms ROMP-derived poly(NBE) in the absence but
not in the presence of AliBu3 and that [L′ZrR]+[B(C6F5)4]

− (R =
CH3, Bn, CH2SiMe3) does form VIP-derived poly(NBE)-co-poly
(E) in the presence but not in the absence of AliBu3 strongly
suggests that AliBu3 binds to the pyridyl-moiety in [L′ZrR]+,
thereby terminating its capability to induce α-hydrogen
abstraction, a process that occurs in the absence of AliBu3.
Accordingly, the cationic complexes are capable of forming
VIP-derived poly(NBE)-co-poly(E) in the presence of AliBu3, but
not in its absence. In the absence of AliBu3, α-H+ elimination
dominates and poly(NBE)ROMP forms. Notably, the isolated
diethyl ether adduct [L′Zr(CH3)Et2O]

+[B(C6F5)4]
− is inactive in

NBE homopolymerization in the absence of AliBu3 and inactive
in E-NBE copolymerization in the presence of AliBu3, which
clearly reveals the irreversible blocking effect of Et2O on the
coordination of olefin. It is also worth pointing out that any
interaction between the metal and the [B(C6F5)4]

− anion,
whether via the fluorines or via the phenyl-group itself, can be
excluded to the greatest possible extent by the fact that the 19F
NMR spectra of [L′ZrR]+[B(C6F5)4]

− (R = CH3, Bn) do not show
any differences to the one of [Ph3C]

+[B(C6F5)]
− (Fig. S11 and

S33, S36, S39, ESI†). All in all, the inability of L′ZrR+ (R = CH3,
Bn, CH2SiMe3) to promote ROMP in the presence of AliBu3
and to promote vinyl insertion copolymerization of E with
NBE in the absence of AliBu3 is attributed to the following
three key features: (i) the instability of the alkylidenes in the
presence of E, (ii) the blocking of the pyridyl ligand in [L′ZrR]+

by AliBu3 and (iii) the competition of a coordinating solvent
for the coordination site.

Next, the performance of L′ZrR2/MAO (R = CH3, Bn,
CH2SiMe3) in E-NBE copolymerization was explored in com-
parison to the one of L′ZrCl2/MAO and [L′ZrR]+[B(C6F5)]

−/
AliBu3 (R = CH3, Bn, CH2SiMe3) (Table 3, entries 7–11).
Catalytic activities were lower for the systems L′ZrR2/MAO
(3–7 kg of polymer mol−1catalyst h−1 bar−1) and L′ZrCl2/MAO
(1–4 kg of polymer mol−1catalyst h−1 bar−1) compared
to [L′ZrR]+[B(C6F5)]

−/AliBu3 (15–80 kg of polymer mol−1catalyst
h−1 bar−1), which is in line with literature reports7,15–17

(vide supra).
For the copolymers produced by L′Zr(CH3)2/MAO and L′Zr

(Bn)2/MAO, only VIP-derived poly(NBE)-co-poly(E) was
obtained. Low NBE incorporation, i.e. 1.1 and 2.0 mol%,
respectively, was observed along with vinyl terminals and few
long chain branches (Fig. S12–S13, ESI†). By contrast, L′Zr
(CH2SiMe3)2/MAO produced copolymers with both ROMP- and
VIP-derived NBE units in the same polymer chain, that is poly
(NBE)ROMP-co-poly(NBE)VIP-co-PE. At 30 °C, the ratio of poly
(NBE)ROMP : poly(NBE)VIP : PE was 1 : 2 : 97 (Fig. S14–S15, ESI†)
and increased to 22 : 3 : 75 with increasing temperature (50 °C)
(Fig. 6a and Fig. S16–S18, ESI†). Again, terminal vinyl groups
and few long chain branches were observed. A further increase
in the temperature (80 °C) resulted in a decrease in the

proportion of ROMP-type poly(NBE) units in the copolymers
(14 : 5 : 81) (Fig. S19–S20, ESI†).

Signals at δ = 47.0 (C2,3), 41.5 (C1,4), 32.9 (C7) and 30.2–29.9
(C5,6) ppm can be attributed to alt-st/isolated VIP-derived poly
(NBE) units; those at δ = 29.7 ppm are assignable to PE. As out-
lined above, isolated VIP-type NBE sequences interrupted by
PE sequences are reasonable. This incapability to form con-
secutive VIP-derived NBE–NBE sequences also accounts for the
finding that no VIP-derived sequences are visible in poly
(NBE)ROMP. The signals at δ = 134.2, 133.2 (C2,3), 43.0, 38.8
(C1,4), 42.8, 42.1, 41.4 (C7) and 33.5, 32.5 (C5,6) are unambigu-
ously assignable to ROMP-derived NBE sequences. In contrast
to poly(NBE)ROMP-co-poly(NBE)VIP-co-PE prepared by a struc-
turally similar Ti-catalyst,8 copolymers had a substantially higher
trans-content with more tttt and cccc sequences (t = trans, c =
cis). Notably, these signals prevail even after extensive hot
extraction with THF. This together with the finding that poly
(NBE)ROMP is a high cis polymer but poly(NBE)ROMP-co-poly
(NBE)VIP-co-PE is predominantly trans and the unimodal GPC
traces (Fig. S21†) strongly suggest that the ROMP-derived
sequences are part of the entire polymer chain. Further
evidence for the proposed copolymer structure (Fig. 6a) comes
from the absence of any glass transition (Fig. S22†)
attributable to pure poly(NBE)ROMP. This absence of any poly
(NBE)ROMP-derived Tg in combination with the high incorpo-
ration of ROMP-derived poly(NBE) sequences (vide supra) also
points towards a multi-block structure, however, without real
proof.

Our plausible explanation for the formation of this unique
polymer structure is an α-H+ elimination/addition process as
outlined in Scheme 2. According to our proposed scheme, L′Zr
(CH2SiMe3)2 is activated by MAO to form the cationic species
L′Zr(CH2SiMe3)

+, which through α-H+ elimination yields a
Zr-alkylidene (L′ZrvCHSiMe3) that promotes ROMP of NBE.
As outlined earlier,8,12,13 substantial steric congestion is
required to induce the switch from VIP to ROMP. In that
regards, the CH2SiMe3 group acts similar, though less
effective, than a NBE group between the metal and the
polymer chain. In the presence of ethylene, L′ZrvCHSiMe3
yields a Zr-methylidene (L′ZrvCH2) via cross metathesis,
which is also ROMP-active, too. The previous observation that
with catalysts containing the 6-(2-BR′2-phenyl)pyrid-2-ylamido
motif (R′ = ethyl, mesityl) high NBE concentrations are needed
to form any ROMP-derived sequences8,10–13 strongly suggests
that cross metathesis of any Zr-alkylidene with E to form
Zr-methylidene is the predominant reaction in these systems.
This is in line with the high diffusivity of E. The transient
Zr-methylidene is presumably exhausted to most extent as a
result of its low stability, e.g. via bimolecular decomposition,12

which accounts for the low ROMP propensity and the low pro-
ductivity of these pre-catalysts upon activation with MAO in
E-NBE copolymerization. As already outlined, this accounts for
the finding that no polymer is obtained in the copolymeriza-
tion of E with NBE by the action of [L′Zr(CH3)]

+, [L′Zr(Bn)]+ or
[L′Zr(CH2SiMe3)]

+[B(C6F5)4]
− in the absence of AliBu3. In case

polymerizations are activated with MAO, an α-hydrogen addition
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to the ROMP-active species can re-establish the VIP-active
species, which now incorporates E and NBE. During E-NBE inser-
tion copolymerization, E incorporation is favored as evidenced
by the high E content in the resulting E-NBE copolymers.

The proposed switch from ROMP to VIP, i.e. α-H+ addition,
is remarkable, since for such a step the pyridinium (Py-H+)
moiety formed in course of α-H+ abstraction must be stable in
the presence of MAO at least for a short time. In contrast to
AliBu3 and most probably because of its size, MAO neither
effectively blocks the pyridine moiety nor instantaneously
deprotonates the Py-H+ moiety, which explains both for the
ROMP propensity in the presence of MAO and the ROMP-inac-
tivity in the presence of AliBu3. In fact, as outlined earlier,8

higher MAO concentrations result in larger fractions of ROMP-
derived units in E-NBE copolymers. Any additional α-H+ elim-
ination in course of the copolymerization would regenerate the
ROMP-active species, however, in view of the high propensity
of the system to undergo cross metathesis with E (vide supra),
only very few additional ROMP-derived poly(NBE) sequences
can be expected to form (presumably <1% with respect to the
initial amount of pre-catalyst). Instead, because of the instabil-
ity of the Zr-methylidenes at elevated temperature, polymeriz-
ation quickly comes to an end, which is indeed observed.

What would be needed to boost productivity is an internal
olefin that forms a more stable alkylidene in course of the
cross metathesis with the Zr-alkylidene. Unfortunately,
internal olefins are unable to undergo VIP.

Conclusions

Three new complexes, L′Zr(CH3)2, L′Zr(Bn)2 and L′Zr
(CH2SiMe3)2, based on modifications of L′ZrCl2 have been syn-
thesized. These compounds are thermally stable and do not
allow for the generation of alkylidenes, neither via thermolysis
nor via the addition of phosphines. The corresponding cations
were prepared in situ upon activation with [Ph3C]

+[B(C6F5)4]
−.

The aluminum-free monoalkyl cations are able to produce pre-
dominantly cis, ROMP-derived poly(NBE) instead of VIP-
derived poly(NBE) in NBE homopolymerization. The formation
of alkylidenes in the absence of any aluminum reagent is pro-
posed. Dialkyl complexes activated with [Ph3C]

+[B(C6F5)4]
− and

AliBu3 exhibit moderate catalytic activity in E-NBE copolymeri-
zation, producing only VIP-type poly(NBE) and branched PE
with vinyl terminals. Polymer structures are considered to be a
result of the high propensity of AliBu3 to react with the pyridyl-

Fig. 6 13C NMR spectra of (a) poly(NBE)ROMP-co-poly(NBE)VIP-co-poly(E) produced by L’Zr(CH2SiMe3)2/MAO (Table 3, entry 10), (b) poly(NBE)VIP-
co-poly(E) produced by L’Zr(Bn)2/MAO (Table 3, entry 8) and (c) poly(NBE)ROMP produced by L’Zr(CH2SiMe3)2/[Ph3C]

+[B(C6F5)4]
− (Table 2, entry 8).

The signal at δ = 120.5 ppm stems from the impurity in 1,1,2,2-tetrachloroethane-d2.
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moiety in [L′ZrR]+ (R = CH3, Bn, CH2SiMe3). Similar to L′ZrCl2/
MAO, which affords E-NBE copolymers containing both
ROMP- and VIP-derived poly(NBE) in the PE chain with low
productivity, L′Zr(CH2SiMe3)2/MAO allows for the synthesis of
copolymers containing both (mostly trans) ROMP- and VIP-
derived NBE sequences within the same polymer chain, i.e.
poly(NBE)ROMP-co-poly(NBE)VIP-co-poly(E), through an α-H+

elimination/addition process. By contrast, L′Zr(CH3)2/MAO and
L′Zr(Bn)2/MAO produce poly(NBE)VIP-co-poly(E) without any
ROMP-derived poly(NBE) sequences. We attribute the in-
capability of L′Zr(CH3)2/MAO and L′Zr(Bn)2/MAO to promote
the ROMP of NBE to the low stability of L′ZrvCHR (R = H, Ph)
and their high propensity to undergo cross-metathesis with
E. Finally, implications on the copolymerization of α-olefins
(E) with NBE using “standard” metallocenes are clear. Apart
from high NBE concentrations (catalyst : NBE > 1 : 5000), copoly-
merizations must be MAO-co-catalyzed and the catalyst, which
ever, must allow for α-H+ elimination in order to observe ROMP-
derived structures. This is in most copolymerization systems
not the case. In fact, particularly industrial large-volume
systems sometimes contain substantial amounts of aluminum
alkyls, which not only promote chain transfer and increase
productivity70–72 but also effectively prevent the formation of
any ROMP-active sites by blocking any Lewis-basic groups.

Experimental

All manipulations were carried out using standard Schlenk or
dry box techniques under an argon or nitrogen atmosphere
unless specified otherwise. Deuterated solvents for NMR
measurements were degassed by several freeze–pump–thaw
cycles and stored inside a glove box. Benzene-d6 and toluene-
d8 were dried and distilled from sodium/benzophenone;
CD2Cl2 was distilled from P2O5; C2D2Cl4 and o-C6D4Cl2 were
distilled from CaH2. THF, diethyl ether, toluene, n-pentane
and CH2Cl2 were deoxygenated by sparging with N2 and
passed through a triple-column solvent purification system
(MBraun, Garching, Germany). Commercially available
reagents for synthesis, i.e. methylmagnesium bromide solu-
tion (3.0 M in diethyl ether), benzylmagnesium chloride solu-
tion (1.0 M in diethyl ether), (trimethylsilyl)methylmagnesium
chloride solution (1.0 M in diethyl ether), triisobutylaluminum
solution (1.1 M in toluene) and [Ph3C]

+[B(C6F5)4]
− were used

without further purification. Methylalumoxane (MAO, 10 wt%
solution in toluene) was purchased from Sigma-Aldrich,
Germany. The toluene was removed in vacuo and the remain-
ing white powder was dried in vacuo at 80 °C overnight to
remove any free AlMe3. Celite was dried in vacuo at 180 °C for
two days prior to use. Before charging the autoclave, ethylene
(E) gas was purified by passing it through columns filled with
Cu-catalyst (BASF R3-11G) and 3 Å molecular sieves. All homo-
polymerization reactions of NBE were performed in Schlenk
tubes under N2 atmosphere. The homopolymerization of
E and all copolymerizations of E with NBE were carried out in
a Büchi-Uster pressure reactor equipped with a Huber thermo-

stat. The ethylene pressure was kept constant and E-consump-
tion was monitored with the aid of a Büchi pressflow bpc 6010
flow controller.

1H and 13C NMR spectra were recorded at 400 and
100 MHz, respectively, on a Bruker Avance III 400 spectrometer
at 25 °C unless noted otherwise. Chemical shifts are reported
in ppm and referenced to tetramethylsilane (TMS). All 1H and
13C NMR data of the ethylene homo- and E-NBE copolymers
were measured at 100 °C except where noted. Molecular
weights and molecular weight distributions were obtained by
high-temperature gel permeation chromatography (HT-GPC)
on an Agilent PL-GPC 220 system equipped with three
consecutive PL gel 5 μm MIXED-C 300 × 7.5 mm columns with
1,2,4-trichlorobenzene as the solvent at 160 °C. The flow rate was
set to 1 mL min−1. The GPC system was calibrated with narrow
polystyrene (PS) standards purchased from Polymer Labs with
the molecular weights in the range of 162–6 035 000 g mol−1

(Easi Vial-red, yellow and green, Fig. S23†). Melting points and
glass transition temperature were measured by differential
scanning calorimetry (DSC) under N2 atmosphere on a Perkin-
Elmer DSC 4000 at a heat rate of 10 °C min−1.

L′Zr(CH3)2

To a solution of L′ZrCl2 (300 mg, 0.396 mmol) in diethyl ether
(20 mL) at −35 °C was added MeMgBr (3.0 M in diethyl ether,
0.30 mL, 0.911 mmol). The solution became a suspension
within 10 min and was stirred overnight at room temperature
in the dark. After the removal of the solvent, the yellow residue
was dissolved in toluene (10 mL) and the insoluble solid was
filtered off through a pad of celite. The solvent was removed
in vacuo to give a brown solid. Yield: 270 mg (80.5%). The solid
was recrystallized from diethyl ether at −35 °C to give light-
yellow crystals. 1H NMR (C6D6): δ = 8.56 (dd, J = 7.7, 0.7 Hz,
1H), 7.62 (dd, J = 7.6, 1.0 Hz, 1H), 7.40 (td, J = 7.5, 1.4 Hz, 1H),
7.12 (td, J = 7.5, 1.2 Hz, 1H), 6.80 (dd, J = 7.9, 7.5 Hz, 1H), 6.72
(dd, J = 7.4, 1.0 Hz, 1H), 6.65 (s, 4H), 5.46 (dd, J = 8.0, 1.0 Hz,
1H), 2.14 (d, J = 10.9 Hz, 18H), 2.02 (d, J = 8.9 Hz, 12H),
0.46–0.41 (m, 6H), 0.12 (s, 6H, Zr–CH3).

1H NMR (CD2Cl2): δ =
8.09 (d, J = 7.7 Hz, 1H), 7.50 (td, J = 7.4, 1.7 Hz, 1H), 7.43–7.33
(m, 2H), 7.08 (d, J = 7.5 Hz, 1H), 6.62 (s, 4H), 6.53 (d, J = 7.3
Hz, 1H), 5.64 (d, J = 8.1 Hz, 1H), 2.18 (s, 6H), 2.04 (s, 6H), 1.96
(d, J = 11.7 Hz, 18H), 0.51–0.41 (m, 6H), −0.38 (s, 6H, Zr–CH3).
13C NMR (C6D6): δ = 164.8, 157.9, 148.8, 145.0, 143.4, 141.1,
139.1, 138.8, 136.2, 130.8, 130.2, 128.9, 128.7, 127.1, 123.8,
117.4, 109.0, 97.3, 41.4 (Zr–CH3), 24.2, 21.3, 14.0, 11.5, 3.3.
Elemental analysis calcd (%) for C42H53BN2SiZr(CH2Cl2)0.5:
C 67.30, H 7.18, N 3.69; found: C 67.35, H 7.45, N 3.62.

L′Zr(Bn)2

To a solution of L′ZrCl2 (100 mg, 0.132 mmol) in diethyl ether
(8 mL) at −35 °C was added benzylMgCl (1.0 M in diethyl
ether, 0.29 mL, 0.29 mmol). The solution became a
suspension within 5 min and was stirred overnight at room
temperature in the dark. After the removal of the insoluble
solid through celite, the solution was concentrated to ∼1 mL
and cooled to −35 °C overnight to afford a yellow solid. Yield:

Polymer Chemistry Paper

This journal is © The Royal Society of Chemistry 2016 Polym. Chem., 2016, 7, 1987–1998 | 1995

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Fe

br
ua

ry
 2

01
6.

 D
ow

nl
oa

de
d 

on
 2

/1
/2

02
6 

10
:4

5:
25

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6py00078a


68 mg (48.7%). The solid was recrystallized from diethyl ether
at −35 °C to give yellow crystals. 1H NMR (CD2Cl2): δ = 7.50
(dd, J = 7.6, 0.7 Hz, 1H), 7.45–7.33 (m, 2H), 7.29 (td, J = 7.4, 1.2
Hz, 1H), 7.21 (dd, J = 8.0, 7.4 Hz, 1H), 6.98 (t, J = 7.7 Hz, 4H),
6.77 (t, J = 7.3 Hz, 2H), 6.69–6.59 (m, 9H), 5.77 (dd, J = 8.1, 0.8
Hz, 1H), 2.20 (s, 6H), 2.06, 1.93 (d, J = 52 Hz, 2H, Zr–CH2Ph),
2.03, 1.90 (d, J = 52 Hz, 2H, Zr–CH2Ph), 1.95 (s, 12H), 1.86 (s,
6H), 1.76 (s, 6H), 0.49 (s, 6H). 13C NMR (CD2Cl2): δ = 164.7,
158.8, 148.3, 147.4, 145.7, 143.3, 141.02, 138.9, 138.1, 136.0,
130.7, 130.4, 129.2, 128.6, 128.4, 128.2, 127.0, 125.4, 121.6,
118.3, 108.9, 99.0, 68.3 (Zr–CH2Ph), 23.9, 21.3, 13.8, 11.3, 2.7.
Elemental analysis calcd (%) for C54H61BN2SiZr(CH2Cl2)0.5: C
71.88, H 6.86, N 3.08; found: C 71.98, H 7.08, N 3.13.

L′Zr(CH2SiMe3)2

To a solution of L′ZrCl2 (100 mg, 0.132 mmol) in diethyl ether
(8 mL) at −35 °C was added Me3SiCH2MgCl (1.0 M in diethyl
ether, 0.29 mL, 0.29 mmol). The solution became a suspen-
sion within 10 min and was stirred overnight at room tempera-
ture in the dark. After the removal of the insoluble solid
through celite, the solution was concentrated to ∼0.5 mL and
cooled to −35 °C overnight to give yellow crystals. Yield: 76 mg
(61.3%). 1H NMR (CD2Cl2): δ = 8.07 (d, J = 7.4 Hz, 1H), 7.56 (td,
J = 7.4, 1.5 Hz, 1H), 7.42 (dd, J = 7.5, 1.4 Hz, 1H), 7.36 (td, J =
7.4, 1.0 Hz, 1H), 7.07 (t, J = 7.7 Hz, 1H), 6.62 (s, 4H), 6.56 (d,
J = 7.3 Hz, 1H), 5.68 (d, J = 8.0 Hz, 1H), 2.19 (d, J = 2.7 Hz,
12H), 2.10 (s, 6H), 1.97 (s, 12H), 0.58, 0.10 (d, J = 192 Hz, 2H,
Zr–CH2SiMe3), 0.54 (m, 6H), 0.56, 0.07 (d, J = 196 Hz, 2H,
Zr–CH2SiMe3), −0.20 (s, 18H). 13C NMR (CD2Cl2): δ = 164.2,
158.1, 147.6, 146.9, 143.3, 141.0, 138.8, 137.4, 136.4,
131.7, 130.1, 128.5, 128.4, 128.2, 124.8, 118.4, 108.6, 98.7, 58.2
(Zr–CH2SiMe3), 24.0, 21.3, 15.5, 14.9, 12.6, 3.6, 2.9. Elemental
analysis calcd (%) for C48H69BN2Si3Zr(Et2O): C 66.83, H 8.52, N
3.00; found: C 66.36, H 8.49, N 3.26.

In situ preparation of [L′Zr(CH3)]
+[B(C6F5)4]

−

To a solution of L′Zr(CH3)2 (10.0 mg, 11.8 μmol) in CD2Cl2
(0.3 mL) was added a solution of [Ph3C]

+[B(C6F5)4]
− (10.9 mg,

11.8 μmol) in CD2Cl2 (0.3 mL) at room temperature. 1H and
13C NMR spectra were measured immediately and were indica-
tive for the complete formation of [L′Zr(CH3)]

+[B(C6F5)4]
−.

1H NMR (CD2Cl2): δ = 7.87 (dd, J = 8.2, 7.7 Hz, 1H), 7.84–7.77
(m, 2H), 7.57 (d, J = 6.6 Hz, 1H), 7.35 (s, 1H), 7.31–7.24 (m,
8H), 7.24–7.18 (m, 3H), 7.11 (ddd, J = 2.9, 2.2, 1.1 Hz, 6H), 6.95
(d, J = 1.8 Hz, 1H), 6.70 (d, J = 1.4 Hz, 1H), 6.56 (dd, J = 8.3, 1.0
Hz, 1H), 6.45 (s, 1H), 2.45–2.37 (m, 9H), 2.27 (s, 3H), 2.24 (s,
3H), 2.18 (s, 3H, Ph3C–CH3), 2.09 (d, J = 4.6 Hz, 6H), 1.92 (s,
3H), 1.74 (s, 3H), 1.49 (s, 3H), 0.95 (s, 3H), 0.56 (s, 3H), −0.05
(s, 3H, Zr–CH3).

13C NMR (CD2Cl2): δ = 164.2, 160.2, 150.2,
150.2, 149.5, 144.2, 142.3, 139.6, 138.3, 137.9, 136.5, 135.5,
135.1, 132.5, 131.4, 131.0, 130.8, 130.3, 129.6, 129.1, 128.5,
128.2, 127.5, 126.7, 126.3, 123.7, 115.2, 111.3, 104.6, 52.9 (Zr–
CH3), 37.9, 30.6, 28.4, 26.3, 25.9, 22.6, 20.5, 17.0, 15.8, 12.8,
11.7, 7.1, 3.8. 19F NMR (CD2Cl2): δ = −133.0 (d, J = 13.0 Hz),
−163.7 (t, J = 21.1 Hz), −165.1 to −170.3 (m).

[L′Zr(CH3)Et2O]
+[B(C6F5)4]

−

A solution of [Ph3C]
+[B(C6F5)4]

− (54.5 mg, 59.0 μmol) in
CH2Cl2 (1.5 mL) was added to a solution of L′Zr(CH3)2
(50.0 mg, 59.0 μmol) in CH2Cl2 (1.5 mL) at room temperature.
The mixture was stirred for 10 min; then the solvent was
removed in vacuo. The resulting residue was recrystallized from
diethyl ether and n-pentane at room temperature to obtain a
yellow solid. Yield: 65 mg (73.6%). 1H NMR (CD2Cl2): δ =
7.91–7.85 (m, 1H), 7.85–7.77 (m, 2H), 7.57 (dd, J = 7.6, 0.9 Hz,
1H), 7.35 (s, 1H), 7.30–7.23 (m, 2H), 6.95 (d, J = 1.6 Hz, 1H),
6.70 (s, 1H), 6.56 (dd, J = 8.3, 0.9 Hz, 1H), 6.44 (s, 1H), 3.45 (q,
J = 7.0 Hz, 4H), 2.46–2.36 (m, 9H), 2.26 (d, J = 11.2 Hz, 6H),
2.09 (d, J = 5.4 Hz, 6H), 1.92 (s, 3H), 1.74 (s, 3H), 1.49 (s, 3H),
1.16 (t, J = 7.0 Hz, 6H), 0.95 (s, 3H), 0.56 (s, 3H), −0.06 (s, 3H,
Zr–CH3).

13C NMR (CD2Cl2): δ = 164.2, 160.2, 150.3, 150.2,
149.8, 144.2, 142.3, 139.6, 138.3, 137.9, 136.5, 135.5, 135.1,
132.5, 131.4, 131.0, 130.8, 130.3, 129.6, 128.5, 127.5, 126.7,
123.7, 115.2, 111.3, 104.6, 37.9, 28.4, 26.3, 25.9, 22.6, 20.5,
17.0, 15.8, 12.8, 11.7, 7.1, 3.8. The signal of Zr–CH3 in the 13C
NMR spectrum was invisible due to an overlap with the signal
of CD2Cl2.

19F NMR (CD2Cl2): δ = −133.1 (d, J = 13.1 Hz),
−163.7 (t, J = 20.9 Hz), −166.4 to −168.9 (m). Elemental analy-
sis calcd (%) for C69H60B2F20N2OSiZr(CH2Cl2)0.5: C 55.78,
H 4.11, N 1.87; found: C 55.60, H 4.20, N 1.96.

In situ preparation of [L′Zr(Bn)]+[B(C6F5)4]
−

To a solution of L′Zr(Bn)2 (13.0 mg, 12.3 μmol) in CD2Cl2
(0.3 mL) was added a solution of [Ph3C]

+[B(C6F5)4]
− (11.3 mg,

12.3 μmol) in CD2Cl2 (0.3 mL) at room temperature. 1H and
13C NMR spectra were measured immediately and were indica-
tive for the complete conversion of [L′Zr(Bn)]+[B(C6F5)4]

−. 1H
NMR (CD2Cl2): δ = 8.01 (t, J = 7.9 Hz, 1H), 7.80–7.75 (m, 1H),
7.64 (dd, J = 13.9, 7.2 Hz, 2H), 7.29 (t, J = 7.3 Hz, 2H), 7.26–7.12
(m, 16H), 7.04 (t, J = 7.4 Hz, 1H), 6.94 (dt, J = 10.5, 7.8 Hz, 4H),
6.81 (dd, J = 16.3, 8.1 Hz, 3H), 6.63 (d, J = 7.9 Hz, 3H),
6.47–6.38 (m, 3H), 3.95 (s, 2H, Ph3C–CH2Ph), 2.41 (s, 3H), 2.40
(s, 3H), 2.38 (s, 3H), 2.37, 1.57 (d, J = 320 Hz, 1H, Zr–CH2Ph),
2.34, 1.54 (d, J = 320 Hz, 1H, Zr–CH2Ph), 2.29 (s, 3H), 2.24 (s,
3H), 2.22 (s, 3H), 2.07 (s, 3H), 1.93 (s, 3H), 1.51 (s, 3H), 1.08 (s,
3H), 0.81 (s, 3H), 0.68 (s, 3H). 13C NMR (CD2Cl2): δ = 164.1,
160.6, 151.3, 149.2, 149.1, 147.2, 143.9, 142.9, 141.2, 141.0,
139.0, 136.5, 135.4, 135.1, 131.7, 131.5, 131.4, 130.7, 130.2,
130.1, 130.1, 129.8, 129.1, 128.7, 128.7, 128.0, 127.6, 126.7,
126.5, 126.3, 126.3, 126.3, 124.3, 123.9, 114.8, 111.8, 105.1,
64.0 (Zr–CH2Ph), 59.0 (Ph3C–CH2Ph), 46.4 (Ph3C–CH2Ph), 28.0,
26.7, 23.5, 23.2, 20.6, 20.5, 16.7, 16.6, 13.4, 11.8, 7.0, 3.2. 19F
NMR (CD2Cl2): δ = −133.0 (d, J = 13.5 Hz), −163.7 (t, J =
21.1 Hz), −166.4 to −169.3 (m).

In situ preparation of [L′Zr(CH2SiMe3)]
+[B(C6F5)4]

−

(partial conversion)

To a solution of L′Zr(CH2SiMe3)2 (4.7 mg, 5.0 μmol) in CD2Cl2
(0.3 mL) was added a solution of [Ph3C]

+[B(C6F5)4]
− (4.6 mg,

5.0 μmol) in CD2Cl2 (0.3 mL) at room temperature and the
mixture was stirred overnight. The 1H NMR spectrum revealed
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∼28 mol% conversion of L′Zr(CH2SiMe3)2 to [L′Zr
(CH2SiMe3)]

+[B(C6F5)4]
− as evidenced by the ratio of intensities

of (converted aromatic protons)/(converted + non-converted
aromatic protons) (Fig. S40, ESI†).

General procedure for NBE homopolymerization

All preparations were carried out inside a glove box. Defined
amounts of NBE were dissolved in toluene (40 mL) inside a
Schlenk tube. Then a toluene solution (5 mL) of a defined
amount of the pre-catalyst was added. The mixture was stirred
for 5 min before the addition of a defined amount of
[Ph3C]

+[B(C6F5)4]
− in toluene (5 mL) and heated to the desired

temperature. Polymerizations were quenched after 1 h by the
addition of methanol (10 mL). The mixture was then poured
into methanol (500 mL) containing concentrated HCl (10 mL).
The polymer was collected by filtration and adequately washed
with methanol and then dried in vacuo at 50 °C for 2 days.

General procedure for E homo- and E-NBE copolymerization

Samples were prepared inside a glove box. Polymerization reac-
tions were conducted by using a Büchi glass reactor (500 mL),
which was dried at 120 °C in vacuo for 2 h, cooled to 30 °C and
purged with Ar gas before use. (a) [Ph3C]

+[B(C6F5)4]
− and

AliBu3-activation: a solution of NBE in toluene (ca. 240 mL), a
solution of the pre-catalyst in toluene (5 mL) and a solution of
a defined amount of AliBu3 in toluene were quickly introduced
into the reactor and stirred (300 rpm) for 5 min at 30 °C before
the addition of a solution of [Ph3C]

+[B(C6F5)4]
− in toluene

(5 mL). (b) MAO-activation: a solution of NBE in toluene
(ca. 240 mL) and a solution of a defined amount of MAO in
toluene (5 mL) were quickly introduced into the reactor and
stirred (300 rpm) for 5 min at 30 °C before the addition of a
solution of pre-catalysts in toluene (5 mL). The reactor was
pressurized with ethylene gas once the mixture had reached
the desired temperature. The polymerization reaction was
quenched after 1 h by the addition of methanol (10 mL). The
resulting mixture was then poured into methanol (500 mL) con-
taining concentrated HCl (10 mL). The polymer was collected by
filtration and washed with methanol. All the E-NBE copolymers
were extracted extensively with THF at 50 °C overnight before fil-
tration. The resulting polymers were adequately washed with
methanol and then dried in vacuo at 50 °C for 2 days.

X-ray measurements and structure determination

Data were collected on a Bruker Kappa Apex 2 duo diffracto-
meter at 100 K. Structures were solved using direct methods
with refinement by full matrix least-squares of F2, with the
program system SHELXL 97 in connection with a multi-scan
absorption correction.73 All non-hydrogen atoms were refined
anisotropically.
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