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Group 4 metal complexes bearing the
aminoborane motif: origin of tandem ring-opening
metathesis/vinyl-insertion polymerization

M. Wang,® G. Xu,® D. Wang,? Y. Zou,® W. Frey® and M. R. Buchmeiser**©

Three tailored ansa-type Zr(iv)- and Hf(v)-complexes, Zr-1, Hf-1 and Zr-2, all bridged by a dimethyl-
silylene group and bearing both a 6-[2-(BR,)phenyllpyrid-2-yl motif (R = ethyl, mesityl) and an n'/n°-
bound ligand with different Lewis base character and steric demand, have been synthesized. Their struc-
tures have been determined by single-crystal X-ray diffraction analysis. Upon activation with methyl-
alumoxane (MAO), Zr-1, Hf-1 and Zr-2 are capable of polymerizing norborn-2-ene (NBE) via ring-
opening metathesis polymerization (ROMP). In the MAO-activated copolymerization of ethylene (E) with
NBE; however, pure vinyl insertion polymerization (VIP)-derived poly(NBE)-co-poly(E) is obtained by Zr-1,
Hf-1 and the model pre-catalyst (Zr-3), which does not contain the borylamino motif. In contrast, Zr-2
yields copolymers containing both ROMP- and VIP-derived poly(NBE)romp-cO-poly(NBE)yp-co-poly(E)
units via an a-H elimination process. Variable-temperature 'B NMR measurements allow for identifying
tri- and tetracoordinated borane species. The propensity of catalysts Zr-1, Hf-1, Zr-2 and Zr-3 to switch
from VIP to ROMP is discussed on the basis of their structural differences. A detailed NMR study of the
reaction of Zr-1, Zr-2, Hf-1 and in particular of dimethylsilylene-bis(6-[2-(diethylboryl)phenyllpyrid-
2-ylamido)ZrCl, (Zr-4) with MAO and with MAO/NBE clarifies the reaction cascade from VIP to ROMP and
allows for establishing a general concept for a tailored switch from VIP to ROMP within the same polymer
chain, allowing for tandem VIP-ROMP copolymerization of E with NBE.

Introduction

Tailor-made pre-catalysts containing the 6-[2-(diethylboryl)-
phenyl]pyrid-2-yl motif, e.g., (n°-tetramethylcyclopentadienyl)-
dimethylsilylene-(6-[2-(diethylboryl)phenyl|pyrid-2-ylamido)-
TiCl, or dimethylsilylene-bis(6-[2-(diethylboryl)phenyl Jpyrid-2-
ylamido)ZrCl,, activated by methylalumoxane (MAO) are
capable of forming multi-block copolymers from ethylene (E)
and norborn-2-ene (NBE) with both ring-opening metathesis
(ROMP)- and vinyl insertion polymerization (VIP)-derived poly-
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(NBE) sequences within one single polymer chain."” The
structure of these unique polyolefins was confirmed by NMR;
narrow polydispersity indexes (PDIs < 1.3), single peaks in the
GPC and the absence of glass transitions (7) that could be
assigned to pure poly(NBE)gomp further support the proposed
polymer structures. These tailored cyclic olefin copolymers
bear the potential for functionalization through polymer-
analogous reactions at the double bonds present in the
copolymers.*™® If successful, this approach would offer an
alternative to currently investigated copolymerizations of ethyl-
ene with functional monomers such as acrylates."®™** In terms
of polymer synthesis, the ligand system at the group 4 metals
as such was designed in a way that it can switch from VIP to
ROMP via abstraction of the o-proton from the growing
polymer chain by the nitrogen at the pyrid-2-yl moiety. This
proton can then in principle re-add to the metal alkylidene.
The o-H elimination/addition process is controlled by the
temperature-dependent dissociation propensity of the N-B
bond where the boryl group and a-hydrogen at the growing
polymer chain compete for the lone pair of the pyridyl group.
However, apart from the 6-[2-(R,B)phenyl]pyrid-2-ylamido]-
motif, the additional structural requirements that allow for the
desired tandem polymerization are not clear.">'® Within that

This journal is © The Royal Society of Chemistry 2015
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context, it also appears desirable to tailor the dissociation
temperature of the N-B bond, which is ~60 °C for dimethyl-
silylene-bis(6-[2-(diethylboryl)phenyl Jpyrid-2-ylamido)ZrCl, (Zr-4).>
This can be achieved, e.g. either by increasing the sterics or
the electron density at the boron. Since fluorenyl ligands are
less Lewis basic compared to their cyclopentadienyl or tetra-
methylcyclopentadienyl counterparts, fluorenyl-based metal
complexes bear the potential of increasing the electrophilicity
of the metal and thus enhance polymerization activity."”° In
addition, introduction of the bulky fluorenyl moiety is known
to have an effect on the stereoselectivity of the polymers
produced.>**

Based on these considerations, group 4 metal complexes
containing the 6-[2-(diethylboryl)phenyl]pyrid-2-yl or the 6-[2-
(dimesitylboryl)phenyl Jpyrid-2-yl motif and a fluorenyl or tetra-
methylcyclopentadienyl ligand, all bridged by a dimethyl-
silylene group, were prepared in order to examine the
polymerization behavior of the modified catalysts for poten-
tially new polymer structures and to clarify the mechanism of
the switch from VIP to ROMP.

Results

Synthesis of pre-catalysts Zr-1 and Hf-1
6-[2-(Diethylboryl)phenyl pyridine-2-amine (1)>* and 9-(chlorodi-
methylsilyl)-9H-fluorene (2)**>° were prepared as described in

the literature. The synthetic routes to Zr-1 and Hf-1 are shown
in Scheme 1. Deprotonation of 1 by n-butyllithium (n-BuLi) in
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diethyl ether followed by reaction with 2 yielded N-((9H-
fluoren-9-yl)dimethylsilyl)-6-(2-(diethylboryl )phenyl)-pyridin-2-
amine (3). For single-crystal X-ray analysis, see Fig. S1, ESL.T
Treatment of 3 with two equivalents of n-BulLi in toluene, fol-
lowed by recrystallization from tetrahydrofuran-pentane®®
allowed isolating the ionic lithium complex (4) in 80% yield.
For single-crystal X-ray analysis, see Fig. S2, ESL.{ Direct trans-
metalation of 4 with ZrCl,-2THF or HfCl,-2THF provided the
corresponding dichloro complexes Zr-1 and Hf-1. Crystals suit-
able for X-ray crystallography were obtained from CH,Cl,~
pentane for Zr-1 and toluene-pentane for Hf-1. Zr-1 and Hf-1
crystalize both in the triclinic space group P1. Zr-1: a =
884.24(6), b = 1246.31(9), ¢ = 1610.75(12) pm, a = 105.517°, f =
91.645°, y = 106.554°, Z = 2; Hf-1: a = 881.19(5), b = 1246.37(7),
¢ =1612.23(9) pm, a = 105.491°, # = 91.532°, y = 106.268°, Z =
2. Both single crystal X-ray studies on Zr-1 and Hf-1 (Fig. 1 and
2) show that one THF is bound to the metal center leading to a
trigonal bipyramidal (TB) structure with the amino-nitrogen
and oxygen in the apical positions. Disordered traces of THF
and CH,CI, in Zr-1 or THF in Hf-1 stem from solvents involved
in the corresponding synthesis or recrystallization process.

An n'-bonding of the fluorenyl moiety is observed for both
Zr-1 and Hf-1. This n'-bonding fashion of the fluorenyl ligand
is very unusual in group 4 complexes where usually an
n’-binding mode of a fluorenyl ligand is observed."”*”*° The
M-N(amino) and M-C(fluorenyl) distances are 207.9/227.0 pm
for Zr-1 and 207.1/224.6 pm for Hf-1 and are thus similar to
the distances found in comparable complexes, e.g. in Me,Si-
(n"-C1oH36)(n"-N-"Bu)MCl,(Et,0), (M = Zr, Hf).>° The B-N bond

Y/
™

NH NH
X _ N Vs 2

NH, ethylenebis(N,N-1,1- | \ ) N

| = 2-bromophenylboronic acid =N tetramethylsilanamine) N 1) n-BuLi, Et,0,1 h N BEt,
- T —
N - o 2)Et,BOMe , THF
Z Pd(PPha),, Na,COj, toluene, Br Znly 140 °C, 48h Br 3; H.0, 05 h Z
Br EtOH, H,0, reflux, overnight 1

Scheme 1 Synthesis of pre-catalysts Zr-1 and Hf-1.
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Fig. 1 Single-crystal X-ray structure of Zr-1. Selected bond lengths
[pm] and angles [°]: Zr(1)-N(2) 207.95(10), Zr(1)-O(1) 225.02(9), Zr(1)-
C(22) 227.04(12), Zr(1)-Cl(1) 237.79(4), Zr(1)-ClU2) 241.51(3), N(1)-B(1)
165.20(17); N(2)-Zr(1)-O(1) 164.84(4), N(2)-Zr(1)-C(22) 76.12(4), O(1)—
Zr(1)-C(22) 92.57(4), N(2)-Zr(1)-Cl(1) 104.63(3), O(1)-Zr(1)-Cl(1)
86.91(3), C(22)-Zr(1)-Cl(1) 99.18(3), N(2)-Zr(1)-Cl(2) 95.21, O(1)-Zr(1)-
Cl(2) 84.64(3), C(22)-Zr(1)-Cl(2) 131.36(3), Cl(1)-Zr(1)-Cl(2) 128.976(13).

Fig. 2 Single-crystal X-ray structure of Hf-1. Selected bond lengths
[pm] and angles [°]: Hf(1)-N(1) 207.1(2), Hf(1)-O(1) 222.29(18), Hf(1)-
C(12) 224.6(2), Hf(1)-Cl(2) 234.41(7), Hf(1)-Cl(1) 239.39(7), Hf(1)-C(13)
276.7(2), Hf(1)-Si(1) 289.54(7), B(1)-N(2) 164.6(3); N(1)-Hf(1)-O(1)
164.14(8), N(1)-Hf(1)-C(12) 76.43(9), O(1)-Hf(1)-C(12) 91.65(8), N(1)-
Hf(1)-Cl(2) 104.79(6), O(1)-Hf(1)-Cl(2) 87.66(5), C(12)-Hf(1)-Cl(2)
101.61(7), N(1)-Hf(1)-Cl(1) 95.24(6), O(1)-Hf(1)-Cl(1) 84.49(5), C(12)-
Hf(1)-Cl(1) 130.49(7), Cl(2)-Hf(1)-Cl(1) 127.39(3).

length is 165.2 pm for Zr-1, which is slightly longer than the
one in dimethylsilylene-bis(6-[2-(diethylboryl)phenyl]pyrid-2-
ylamido)ZrCl, (Zr-4, 163.5 pm).”> An explanation for this slight
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Fig. 3 Preferred resonance structure in Zr-1.

lengthening of the N-B bond is an increased electrophilic
character of the metal in Zr-1 caused by the weaker electron-
donation ability of the n'-bound fluorenyl ligand. This results
in a reduced electron density at the pyridine, which directly
translates into a decreased coordination ability of the pyridine
nitrogen to the boron and consequently a longer intramolecu-
lar N-B bond (Fig. 3).

Synthesis of pre-catalyst Zr-2

As described in Scheme 2, 6-[2-(dimesitylboryl)phenyl]pyridin-
2-amine (5)*"*> was prepared in analogy to compound 1 in
42% isolated yield.

Deprotonation of 5 in THF produced the lithium complex 6
with two THF molecules coordinated to lithium. Subsequent
chlorodimethyl(2,3,4,5-tetramethylcyclopenta-
2,4-dienyl)silane and recrystallization from diethyl ether-

reaction with

pentane allowed isolating compound 7 in 94% yield. Double
deprotonation of 7 and combination with ZrCl,-2THF provided
Zr-2 in 32% isolated yield. Crystals suitable for single-crystal
X-ray diffraction were obtained from toluene-pentane. Zr-2
(Fig. 4) crystalizes in the triclinic space group P1 with a =
993.61(7), b = 1247.23(8), ¢ = 1590.00(11) pm, a = 84.293°, f§ =
73.108°, y = 83.935°, Z = 2.

The cyclopentadienyl ligand is n>-bound to Zr(1); the Zr(1)-
Namide distance is 210.85(10) pm and thus longer than in Zr-1
(207.9 pm). In stark contrast to Zr-1, the nitrogen in the
pyridyl ring is coordinated to zirconium (Zr(1)-N(2) 249.61(9)
pm) and no coordination to the boron atom exists, at least in
the solid state. For the structure in solution, vide infra. The
absence of any N-B bonding in Zr-2 is attributed to the pro-
nounced steric demand of the two mesityl groups at boron
compared to the two small ethyl groups in Zr-1. The absence
of any coordinated solvent to the metal is attributable to a
weakly but still significantly intramolecular stabilization of the
electrophilic metal center by the pyridine ring through the
N(2)-Zr(1) bond, which becomes also evident from its single
crystal X-ray structure.

Synthesis of pre-catalyst Zr-3

The borylamine-free model catalyst Zr-3 was prepared as is
shown in Scheme 3. 6-(2-(2-Propyl)phenyl)pyrid-2-ylamine was
prepared via Pd-mediated coupling of 2-amino-6-bromopyri-
dine with 2-isopropylphenylboronic acid, Deprotonation with
n-BuLi followed by reaction with compound 2 yielded ligand 8.
Double deprotonation of 8 yielded the lithium complex 9,
which could not be isolated as a stable compound. However,

This journal is © The Royal Society of Chemistry 2015
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Scheme 2 Synthesis of pre-catalyst Zr-2.

Fig. 4 Single-crystal X-ray structure of Zr-2. Selected bond lengths
[pm] and angles [°]: Zr(1)—-N(1) 210.85(10), Zr(1)-Cl(1) 239.60(3), Zr(1)-
Cl(2) 242.19(4), Zr(1)-C(13) 245.26(11), Zr(1)-C(12) 245.60(11), Zr(1)-N(2)
249.61(9), Zr(1)-C(16) 254.07(11), Zr(1)-C(14) 256.92(12), Zr(1)-C(15)
258.66(12); N(1)-Zr(1)-Cl(1) 124.37(3), N(1)-Zr(1)-Cl(2) 108.44(3), Cl(1)-
Zr(1)-Cl(2) 109.597(13), N(1)-Zr(1)-N(2) 57.42(3), ClU1)-Zr(1)-N(2)
86.51(2), Cl(2)-Zr(1)-N(2) 86.10(2).

in situ formation and reaction with ZrCl,-2THF allowed isolat-
ing analytically pure Zr-3.

Variable-temperature ''B NMR measurements

"B NMR measurements®*~° at different temperatures on Zr-1

and Zr-2 were carried out in a temperature range of 0-80 °C.
Zr-1 shows a sharp peak at § ~ 6 ppm (Fig. S3t), which is
typical for tetracoordinated borane in accordance with its
single-crystal X-ray structure.

This journal is © The Royal Society of Chemistry 2015

Once the temperature is increased from 0 to 80 °C, the
signal shifts from é = 6.3 to 4.7 pm. The pyridine nitrogen
remains bound to the boron forming a Lewis acid/base pair
that does not dissociate up to 80 °C, which is indicative of a
strong binding and a high-energy barrier to break the N-B
bond. After the addition of MAO, the ''B NMR shows the
signal of tetracoordinated borane (§ ~ —5 ppm) and, above
30 °C, a new (weak) boron peak at § ~ 87 ppm (Fig. S47),
which can be assigned to tricoordinated borane. Clearly, in the
presence of MAO the N-B bond starts to dissociate above
30 °C, though to a low degree. Upon addition of NBE to a
toluene-dg solution of Zr-1/MAO, a very weak peak at § ~
85 ppm, which can be assigned to tricoordinated borane,
becomes visible (Fig. S51). Evidently, the system contains
predominantly tetracoordinated borane moieties. For impli-
cations on reactivity, vide infra.

In ligand 7, the N-B bond exists in solution as evidenced by
the chemical shift for boron at § = —0.52 ppm in the "B NMR
(Fig. S6t), which is assignable to a tetracoordinated borane
(vide infra).>*"** In contrast to the solid-state structure, in solu-
tion above 10 °C both free and nitrogen-coordinated borane
are observed for Zr-2 in toluene-dg as indicated by two peaks
around 6 ~ 76 (tricoordinated borane) and ~5 ppm (tetra-
coordinated borane) in the "B NMR spectrum (Fig. S71).
These findings clearly show that in solution there exists an
equilibrium between a closed and open structure for Zr-2. The
"B NMR of Zr-2/MAO and Zr-2/MAO/NBE (Fig. S8 and S97)
display two boron peaks similar to those of Zr-2 except that the
tetracoordinated species become more abundant.

The "B NMR of Hf-1 shows the signals for tetracoordinated
borane at § = 6 and 4 ppm above 25 °C (Fig. S107); the absence
of any tricoordinated borane again indicates a strong N-B
bond. The "B NMR of Hf-1/MAQ is characterized by one signal
for tricoordinated borane at § = 87 ppm and two signals for
tetracoordinated borane at § = 4 and —2 ppm (Fig. S117). For

Polym. Chem., 2015, 6, 3290-3304 | 3293
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Scheme 3 Synthesis of pre-catalyst Zr-3.

Hf-1/MAO/NBE two sets of signals at § ~ 4 and 1 ppm, both
typical for tetracoordinated borane and at § ~ 87 ppm for tri-
coordinated borane is observed (Fig. S12}). The peak at § ~
1 ppm is invisible while a new peak at § ~ 85 ppm is observed
at 7> 60 °C.

Norborn-2-ene (NBE) homopolymerization and
copolymerization of ethylene (E) with NBE

Catalysts Zr-1, Zr-2, Zr-3 and Hf-1 were activated with MAO and
used in the homopolymerization of NBE. While the model
catalyst Zr-3 did not produce any appreciable amount of poly-
NBE, Zr-1, Zr-2 and Hf-1 allowed for the synthesis of the target
polymer (Table 1).

Both Zr-1 and Zr-2 produced high molecular weight
poly(NBE), albeit with low productivity. Interestingly, polymers
with an extraordinary high cis-content (up to 95%) were
obtained (Fig. S13-S16, ESIf). The measured T, values are in
line with those for high cis poly(NBE). Importantly, poly(NBE)
prepared by the action of Hf-1 contains both ROMP and, to a
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very minor extent, VIP-derived sequences (Fig. S17 and S18
ESIT). Also, productivities are substantially higher than those
for Zr-1 and Zr-2. Also in line with a VIP-derived polymer
block, the T, values are higher than those of Zr-1 and Zr-2-
derived poly(NBE). The data presented here clearly show that
catalysts Zr-1, Zr-2, Hf-1 containing the 6-[2-(R,B)phenyl]pyrid-
2-ylamido motif are ROMP active, while systems that lack this
motif are not (Zr-3).

Next, to check for their VIP/ROMP propensity, catalysts Zr-1,
Zr-2, 7r-3 and Hf-1, all activated by MAO, were used in the
copolymerization of E with NBE. Polymerization results are
summarized in Table 2.

With Zr-1/MAO (Table 2, entries 1-7), activity decreased
with increasing NBE concentration. This effect can be counter-
balanced by an increase in E-pressure. Up to 29.3 mol% of
NBE could be incorporated into the copolymer. The *C NMR
spectrum (Fig. 5) shows the characteristic signals for both
alternating (E-NBE-E-NBE) and isolated sequences (E-NBE-E-E)
at & = 47.8, 47.2 (C,/C;), 42.0, 41.5 (C,/C,), 33.0 (C,) and

Table 1 Results for NBE homopolymerization by Zr-1, Zr-2 and Hf-1 activated by MAO?

# Cat. T (°C) Productivity” M, (g mol™) PDI T, (°C) cis® (%) Type

1 Zr-1 50 5 40 000 1.2 35 75 ROMP

2 Zr-1 65 6 160 000 1.4 48 90 ROMP

3 Hf-1 50 42 120 000 2.1 55 96 VIP : ROMP = 0.3 : 100
4 Hf1 65 18 52 000 2.6 55 90 VIP : ROMP = 0.9: 100
5 Zr-2 50 5 120 000 2.5 45 86 ROMP

6 Zr-2 65 7 200 000 1.5 37 95 ROMP

%100 mL Schlenk flask, total volume of reaction mixture: 50 mL of toluene, [catalyst] = 1 x 10~* mol L™, catalyst : MAO : NBE = 1: 2000 : 10 000,
t=1h? Activity in kg of polymer mol’lcatalyst h~'. “HT-GPC in 1,2,4-trichlorobenzene vs. PS. ¢ Measured by DSC. ¢ Determined by *C NMR
analysis in 1,1,2,2-tetrachloroethane-d,.

3294 | Polym. Chem., 2015, 6, 3290-3304
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Table 2 E-NBE copolymerization results for Zr-1, Hf-1, Zr-2 and Zr-3 activated by MAO?

# Cat. M : MAO : NBE T/p (°C)/bar AP Cromp € (MO1-%) Cyip © (Mol%) M, 9 (g mol™) ppI? T © (°C)
1 Zr-1 1:2000:10 000 50/2 55 0 14.2 290 000 1.9 123

2 Zr-1 1:2000:10 000 50/4 45 0 29.3 >6 000 000 — 128

3 Zr-1 1:2000:20 000 50/2 10 0 6.6 330000 4.1 123

4 Zr-1 1:2000:20 000 50/4 9 0 6.8 >6 000 000 — 124

5 Zr-1 1:2000:20 000 50/6 27 0 10.7 360000 3.2 124

6 Zr-1 1:2000:20 000 65/4 24 0 4.3 210000 3.6 123

7 Zr-1 1:2000:20 000 80/4 19 0 7.3 150 000 4.8 127

8 Hf-1 1:2000:10 000 50/4 7 0 6.5 >6 000 000 — 126

9 Hf-1 1:2000:20 000 50/4 6 0 18.1 430000 3.7 126

10 Zr-3 1:2000:10 000 50/4 73 0 4.1 >6 000 000 — 129

11 Zr-3 1:2000:20 000 50/4 68 0 3.0 >6 000 000 — 129

12 Zr-2 1:2000:10 000 50/4 1 6 3 >6 000 000 — 130

13 Zr-2 1:2000:20 000 30/4 2 11 8 >6 000 000 — 131

14 Zr-2 1:2000:20 000 50/4 1 21 7 >6 000 000 — 129

15 Zr-2 1:2000:20 000 65/4 6 0 2.7 >6 000 000 — 132

16 Zr-2 1:2000:20 000 80/4 4 0 2.5 >6 000 000 — 129

%250 mL of toluene (including the volume of monomer), ¢ = 1 h, [catalyst] = 2 x 107> mol L™". ? Activity in kg of polymer mol ™ cacatyse h™' bar™.

1

°NBE content (ROMP and VIP) in the copolymer [mol%] as estimated by **C NMR spectroscopy. “ HT-GPC in 1,2,4-trichlorobenzene vs. PS.

¢ Measured by DSC.
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Fig. 5 **C NMR spectrum of poly(E)-co-poly(NBE)yp produced by Zr-1/MAQO (Table 2, entry 2) (in 1,1,2,2-tetrachloroethane-d,).

30.7-29.7 ppm (Cs/Cs, PE).>**” While one cannot distinguish
between alternating syndiotactic (alt-st) and isolated NBE
sequences and therefore not judge on the extent of syndio-
tacticity, the alternating isotactic (alt-it) units are those that
must be expected from a centrosymmetric catalyst such as
Zr-1. Signals for NBE diads (E-NBE-NBE-E) or even NBE triads
(E-NBE-NBE-NBE-E) were absent. None of these copolymers
showed signals for ROMP-derived poly(NBE). For the copoly-
mers obtained by the catalytic system Hf-1/MAO, up to
18.1 mol% VIP-derived poly(NBE) was realized at high NBE
concentration (Table 2, entry 9, Fig. S191). Generally, catalytic
activities were lower than those for Zr-1/MAO. Again, no

This journal is © The Royal Society of Chemistry 2015

signals for ROMP-derived poly(NBE) were found in these co-
polymers. As anticipated, the aminoborane motif-free catalyst
Zr-3 also produced only VIP-derived poly(NBE)-co-poly(E),
albeit with a lower NBE incorporation (Table 2, entries 10 and
11, Fig. S20t) compared to Zr-1 under identical conditions
(Table 2, entries 2 and 4). However, activities were higher than
those by Zr-1/MAO, probably due to the sterically less encum-
bered nature of Zr-3.

In contrast to Zr-1 and Hf-1, Zr-2 allows the synthesis of
copolymers containing blocks of both ROMP- and VIP-derived
poly(NBE) sequences in the same polymer chain. At low NBE
concentration ([NBE] = 0.2 mol L"), poly(NBE)gomp-co-poly-
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(NBE)yp-co-poly(E) with a block ratio of 6:3:91 (Table 2, entry
12, Fig. S21}) was obtained. An increase in NBE concentration
(INBE] = 0.4 mol L") resulted in a further increase in the pro-
portion of ROMP- and VIP-derived poly(NBE) units with ratios
of 11:8:81 and 21:7:72 (Table 2, entries 13 and 14, Fig. S22
and S23f) at 30 and 50 ©°C, respectively. An increase in
polymerization temperature to 65 °C and 80 °C produced VIP-
derived poly(NBE)-co-poly(E) with 2.7 mol% and 2.5 mol%
NBE incorporation (Fig. S24t). Notably, the molecular weights
of these copolymers were all >6 000000 g mol~". Such high
molecular weights are indicative for polymerizations with
almost no p-hydride elimination or transfer to monomer.

In order to shed light on the polymer structure, the *C
NMR spectrum of poly(NBE)gonp-co-poly(NBE )y p-co-poly(E)
was compared to the one of poly(NBE)romp and poly(NBE)yp-
co-poly(E) (Fig. 6). Signals at 6 = 47.0 (C,3), 41.5 (C1,4), 32.9
(C;) ppm are assignable to alt-st/isolated VIP-derived E-NBE
sequences while the one at § = 29.7 ppm corresponded to PE
sequences. Signals at § = 47.8 and 41.9 ppm, which could be
assigned to alt-it E-NBE diads, were absent. Most importantly,
signals at § = 134.2, 42.8, 38.8 and 33.5 ppm that can un-
ambiguously be assigned to poly(NBE)romp were observed even
after the extraction by THF, which is known to dissolve pure
ROMP-derived poly(NBE).

All  together, poly(NBE)romp-co-poly(NBE)y;p sequences
must be present in the same polymer chain, which suggests
the incorporation of ROMP-derived poly(NBE) units in the

a)

Corar
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chain through an a-H elimination process. Further evidence
comes from the absence of any glass transition attributable to
a poly(NBE)gomp homopolymer. Most vinylic carbons in the
segment of the ROMP-type poly(NBE), surprisingly, were
observed in the cis-configuration, signals at § = 133.1 or
43.2 ppm belonging to trans-C,; or C;, repeat units were
almost invisible. For mechanistic implications, vide infra.

In contrast to poly(NBE)romp-c0-poly(NBE )y p-co-poly(E) pre-
pared by the action of (n’-tetramethylcyclopentadienyl)di-
methylsilyl(6-[2-(diethylboryl)phenyl Jpyrid-2-yl)Jamido-TiCl,,>
Zr-2 containing the more bulky 6-[2-(dimesitylboryl)phenyl]-
pyrid-2-ylamido motif allows only for lower NBE incorporation,
which further supports the argument about sterics. Also in
line with increased sterics, higher molecular weights (M, >
6 000 000 g mol ™) were obtained with Zr-2/MAO.

Discussion

As outlined above, both tri- and tetracoordinated boranes are
present in Hf-1/MAO and Hf-1/MAO/NBE (Fig. S11 and S127).
Once MAO is added to Hf-1, the formation of methane occurs
in the temperature range of 25-80 °C (Fig. S25t). At 60 °C,
ethylene becomes visible, too. Notably, at 25 °C, a weak but
detectable signal for a Hf-alkylidene at 6 = 8.60 ppm (d, J =
8 Hz) can be observed. A terminal vinyl group can be identified
at 6 = 4.92 and 5.73 ppm in the range of 25-80 °C (Fig. 7 and
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Fig. 6 *C NMR spectra of (a) poly(NBE)gromp, (b) poly(NBE)yp-co-poly(E) (Table 1, entry 1) and (c) poly(NBE)romp-co-poly(NBE)yp-co-poly(E)

(Table 1, entry 14) in 1,1,2,2-tetrachloroethane-d,.

3296 | Polym. Chem., 2015, 6, 3290-3304

This journal is © The Royal Society of Chemistry 2015


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5py00303b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 19 March 2015. Downloaded on 3/22/2026 4:42:00 PM.

(cc)

Polymer Chemistry

—523

ethylene

View Article Online

Paper

833
553
2\

CH,=CH-CH,-R

Hf-1/MAO 1

2288 BRAR
G608 wvowvs
20NN TV
CH,=CH-CHy-R
Zr-2IMAO | i l
60°C A
i —
8

Zr-1/MAD/NBE

60°C
2rEReg
PPPPE
A2 TSN
CH,=CH-CH,-R
Zr-1/MAC

60°C

2 5 ]
o o
|

poly(NBE)rome

cis- 1

ethylene

-523

- v i L
5 338
| erN
|, CH=CH.CHR
i :
L
& 383
[N AN

CH,=CH-CH,-R

poly(NBE)romp

trans- |

% pax
| T
CH,=CH-CH,R
| |
—
2
& ke
| /7N
/] H
Ssi Zr= C=CH,
R
sin
Lo
ASTAL A
8
3
§ 333
| 0N
CH,=CH-CH,R
e
¥ S

161+

590 585 580 575 570 565 660 555 550 545 540 535 530 526 520 615 510 505 500 495 490 485 480 475
ppm,

Fig. 7 H NMR spectra of catalyst/MAO and catalyst/MAO/NBE in toluene-dg at 60 °C (4.7-5.9 ppm).

This journal is © The Royal Society of Chemistry 2015

Polym. Chem., 2015, 6, 3290-3304 | 3297


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5py00303b

Open Access Article. Published on 19 March 2015. Downloaded on 3/22/2026 4:42:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

S26bt). The signal at § = 5.73 ppm can clearly be assigned to a
CH,=CH-CH,-R species (for a comparison with 1-octene see
Fig. S26at). The "H NMR spectrum of Hf-1/MAO/NBE shows
weak but detectable signals assignable to a Hf-methylidene at
25 °C at § = 8.58 (d, J = 8 Hz) and 8.49 ppm (d, J = 8 Hz,
Fig. S27%). Ethylene (6 = 5.24 ppm at 40 °C) can only be
observed at T > 25 °C. Methane (6 = 0.16 ppm at 25 °C) is pro-
duced in the range of 25-80 °C. The above-mentioned terminal
vinyl group at § = 4.92 and 5.73 ppm (CH,=—CH-CH,-R
species) remains visible in the range of 25-80 °C (Fig. S287).

It changes only slightly in intensity while ROMP-derived
poly(NBE) (6 = 5.26 (cis) and 5.43 ppm (trans)) formed slowly
but steadily. Thus, upon activation with MAO, Hf-1 must form
a VIP-active, cationic species that quickly consumes the E that
is present in the system. a-Hydrogen elimination results in the
formation of a Hf-alkylidene, which upon reaction with E
forms a Hf-methylidene and vinyl-terminated oligoethylenes.
These two reaction products are visible in the spectrum. The
Hf-methylidene then starts the ROMP of NBE. The low ROMP
propensity of Hf-1 explains why only VIP-derived poly(NBE)-co-
poly(E) is produced in the copolymerization of E with NBE.

As outlined above, the boron in Zr-1 is fully coordinated to
the nitrogen both in the solid state and in solution. Upon
addition of MAO or MAO/NBE, the borane remains mostly
tetracoordinated, however, some tricoordinated species
become visible, too (Fig. S4 and S5%). This rather small
amount of tricoordinated borane translates into a small
amount of free pyridine, which in the presence of MAO is
capable of starting the ROMP of NBE at elevated temperatures
(Fig. S13 and S147). However, in case ethylene is present at the
same time, no ROMP-derived structures are observed.
Obviously, similar to Hf-1, most of the catalyst forms a cationic
alkyl complex after activation with MAO, resulting in poly
(NBE)yp-co-poly(E). Upon treatment of Zr-1 with MAO at
—60 °C, methane (§ = 0.26 ppm at —60 °C, 0.17 ppm at 20 °C)
starts to evolve, a process that becomes more visible with
increasing temperature. Clearly, the corresponding cationic
RR'Zr'-CH,-Al(CH;)-O- species forms from RR'’Zr'-CH; and
MAO (Fig. S29 and S307). Zr-1/MAO at 60 °C also shows vinyl-
terminated oligoethylenes (Fig. 7). In the presence of NBE,
small amounts of poly(NBE)gopp starts to form at —10 °C (cis -
trans = 80:20) again accompanied by the formation of
methane (Fig. S31 and S32t). No Zr-alkylidene is observed,
probably because its concentration is too low. Zr-1/MAO/NBE
at 60 °C again shows terminal vinyl groups, however, with
somewhat different chemical shift and multiplicity for the
signal at § = 5.67 ppm (Fig. 7). In addition, numerous signals
for poly(NBE)romp become visible (Fig. 7). This terminal vinyl
group is believed to result from the reaction of a Zr-methyl-
idene with NBE. For a detailed discussion of this reaction
sequence with Zr-4, vide infra.

In contrast to Zr-1, the pyridyl group in Zr-2 is not co-
ordinated to the boron in the solid state. In solution, equally
substantial and comparable amounts of tri- and tetracoordi-
nated boranes are observed, both in the absence and presence
of MAO and NBE (Fig. S7-S97). Upon activation with MAO an
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active cationic species forms via release of methane (Fig. S33
and S34f). Larger fractions of free pyridine favor a-H-elimin-
ation and in the presence of NBE and predominantly cis-poly-
(NBE)romp forms even at —50 °C (Fig. S35%). This is why Zr-2/
MAO in the presence of both E and NBE produces poly-
(NBE)yp-co-poly(NBE)romp-co-poly(E). No methane is visible
even at elevated temperature. Again, no Zr-alkylidene is
observed. With Zr-4, which contains two 6-[2-(diethylboryl)-
phenyl]pyrid-2-yl groups (Scheme 3), the reaction sequence
from a VIP- to a ROMP-active species can be followed best.
There, homopolymerization of NBE at 60 °C by MAO-activated
Zr-4 applying a ratio of Zr-4/MAO/NBE = 1: 2000 : 20 000 results
in poly(NBE)romp (My = 93 000 g mol™, PDI = 1.6, cis : trans =
10:90, Fig. S36%). Copolymerization of E with NBE at 60 °C
using Zr-4/MAO/NBE in a ratio of 1:2000:20 000, pethyiene =
4 bar reportedly yielded poly(NBE)ronp-co-poly(NBE)yp-co-poly-
(E) =3:13:84 (M, = 230000 g mol™", PDI = 1.6).> Zr-4/MAO at
60 °C shows no terminal vinyls but ethylene (Fig. 7). In the
presence of NBE, a terminal vinyl group adjacent to a 1,3-cyclo-
pentylen ring, —(c-1,3-CsHg)-CH=CH,, is observed (Fig. 7). The
signal for the terminal CH-group at § = 5.67 ppm (ddd, J =
7.1 Hz, J = 10.1 Hz, J = 17.4 Hz) unambiguously proofs this
structural motif. Since the signals for poly(NBE)romp are com-
pletely absent, this structural motif cannot result from a cross
metathesis of a ROMP-active, propagating Zr-alkylidene but
must stem from the reaction of a Zr-methylidene with NBE.
Following the reaction of Zr-4 with MAO and NBE by NMR
suggests that upon addition of MAO to Zr-4 in toluene-dg in a
molar ratio of Zr-4:MAO = 1:30 at —60 °C, the cationic species
II (Scheme 4) forms. Potentially, it can be stabilized by the
coordination of the pyridine nitrogen. II can further react with
MAO to produce III (Scheme 4) and methane (§ = 0.17 ppm at
20 °C, Fig. S37 and $387).>*"*! At —20 °C, the dormant species
111, which is inactive in polymerization, becomes visible in the
'"H NMR (8 ¢ = 0.82 ppm at 20 °C). A further increase in
temperature to 20 °C results in o-H elimination and a ROMP-
active Zr-alkylidene (V, Scheme 4) forms from II as evidenced
by the alkylidene signal visible at § = 8.6 ppm in the 'H NMR
(Fig. $371).>**™* In line with that, at 30 °C, "B NMR shows
apart from the parent tetracoordinated B atom (§ = 2.6 ppm)
the formation of a tricoordinated species at § = 86.7 ppm
(Fig. S39 and S407) indicating the dissociation of the N-B
bond. This strongly suggests that the opening of the N-B bond
generates a sufficient fraction of free pyridine moiety that
induces o-H elimination. Substantial fractions of this ROMP-
active Zr-alkylidene (V) experience bimolecular decomposition,
resulting in the formation of ethylene at 7> 30 °C (Scheme 4).
Thus, the signal for ethylene is clearly observed at § =
5.25 ppm in the "H NMR at T > 30 °C (Fig. S377). For Zr-4/
MAO/NBE (Zr-4:MAO:NBE = 1:30:10), a zirconium alkyl-
idene (Zr = CHR)"*'™® is observed in the 'H NMR at § =
8.5 ppm at 20 °C (Fig. S41 and S42%). In case Zr-4 (or Zr-2)
starts first vinyl insertion copolymerization of E with NBE,
insertion of NBE followed by a-H elimination promoted by the
pyridine nitrogen through a six-membered transition state pro-
duces the Zr-alkylidene VI-P from V-P (Scheme 4), which is the

This journal is © The Royal Society of Chemistry 2015
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Scheme 4 Proposed mechanism for the switch from VIP to ROMP. P = polymer.

ROMP-active species. Competition between the insertion of
NBE and the re-formation of the N-B bond is proposed. As
observed for Zr-1/MAO/NBE, a terminal vinyl end group (VI,
Scheme 4) formed via reaction of Zr—=CH, with NBE can be
clearly seen in the "H NMR at 6 = 4.86 and 5.67 ppm
(Fig. S43+). Concomitantly, apart from tetracoordinated borane
at § = 2.8 ppm, tricoordinated borane can be observed by ''B
NMR at § = 86.8 ppm at T > 30 °C (Fig. S44t). Notably, at T >
60 °C, a second tricoordinated B species appears in the ''B
NMR at § = 84.3 ppm and grows in intensity with increasing
temperature. So far, this tricoordinated B-species cannot be
assigned to a specific intermediate. High NBE concentrations
were found to stabilize the metal alkylidene in both Zr-2 and
Zr-4 and to encourage ROMP of NBE resulting in high pro-
portion of ROMP-derived poly(NBE) units in the polymer
(Table 2, entries 12 and 14). Vice versa, ethylene pressures > 4
bar shift the reaction from ROMP towards VIP.' 16

All together, the data presented here are in line with our
previous proposal,”®'>'® which show that only high NBE con-
centrations promote the ROMP process. Notably, Zr-alkyl-
idenes cannot be isolated unless hexacoordinated species
containing chelating ligands are formed.”> As surmised
earlier,”® a crowded ligand sphere around the metal as found
in Zr-2 favors this o-H elimination process, i.e. the switch from
VIP to ROMP. The low propensity of pyridine to coordinate to

This journal is © The Royal Society of Chemistry 2015

boron in Zr-2 clearly stems from the sterics provided by the
mesityl groups, which together with the n’-tetramethyl-
cyclopentadienyl (Cp*) ligand simply prevents any extensive
coordination. This and the fact that Zr-3 without a 6-(2-BR,-
phenyl)pyrid-2-yl group does not show any ROMP-activity,
neither for NBE nor for E-NBE, strongly support an involve-
ment of the pyridyl group and an o-H abstraction process trig-
gered by the pyridine. In view of these sterics, it is also not
surprising at all that Hf-1 with minor steric constraints around
the metal shows no tendency to switch from VIP to ROMP in
the presence of E regardless of VIP- and ROMP-derived poly-
(NBE) obtained in NBE homopolymerization (Fig. S17 and
S187). Finally, the high cis-selectivity of Zr-2 is a result of the
large dimesitylboryl group, which forces NBE to add to VI-P in
the outlined way to from VII (Scheme 4, Fig. S15 and S16+).

Conclusions

In the copolymerization of E with NBE, Zr-2, which has mesityl
substituents at the boron and a crowded ligand sphere around
the metal, allows the cis-selective synthesis of copolymers con-
taining both ROMP- and VIP-derived poly(NBE) units within a
single polymer chain resulting in a poly(NBE)romp-co-poly-
(NBE)yp-co-poly(E) structure through a switch from VIP to

Polym. Chem., 2015, 6, 3290-3304 | 3299
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ROMP. In the presence of E, both Zr-1 and Hf-1 show no ten-
dency to undergo o-H elimination producing solely VIP-
derived poly(NBE)-co-poly(E) with up to 29.3 mol% NBE in-
corporation. We attribute the low propensity of both Zr-1 and
Hf-1 to promote ROMP to the instability of any metal alkyli-
dene in the presence of E. As expected and in line with pre-
vious findings, the aminoborane-free model catalyst Zr-3
results in the formation of poly(NBE)yp-co-poly(E) copolymers,
which again supports the crucial role of the 6-[2-(R,-boryl)-
phenyl]pyrid-2-ylamido ligand in the o-H abstraction process.
Variable-temperature '"H and ''B NMR allow correlating the
propensity of a pre-catalyst activated by MAO to form tricoordi-
nated borane with its propensity to produce ROMP-derived
structures inside the copolymer. A detailed study on Zr-4 offers
insight into important intermediates and confirms the pro-
posed mechanism. Current efforts concentrate on detailed
NMR studies and '*C-labelled NBE to shed more light on the
role of borylamino group. The studies outlined here clearly
support the formation of a Zr-methylidene in the ROMP
of NBE via pyridine-induced o-H abstraction. Besides of the
6-(2-BR2-phenyl)pyrid-2-yl motif,"'® the proposed crucial role
of the bulky tetramethylcyclopentadienyl (Cp*) moiety in the
o-H abstraction in ansa-type half sandwich complexes has
been confirmed. Apart from sterically enforcing a switch from
VIP to ROMP, the Cp* ligand as a six-electron donor can steri-
cally and maybe also electronically stabilize** the metal alkyli-
dene and thus promote the ROMP of cyclic olefins. Whether
the strong Lewis base character of the Cp* moiety also favors
a-proton abstraction remains speculative. Other complexes
bearing the 6-[2-BR,-phenyl]pyrid-2-yl motif like Zr-1 can in
principle also be capable of promoting the ROMP of NBE but
might be too unstable in the presence of E to allow for any
ROMP-derived poly(NBE) structures under such conditions.
While the fundamentals for a switch from VIP to ROMP have
now been clarified, the low polymerization activity remains a
challenge. The highly constrained geometry of the Zr-2, the
resulting low propensity to undergo f-hydride elimination
together with the possibility to undergo cross-metathesis with
E accounts for a very low productivity. One key to higher activi-
ties seems therefore the suppression of cross-metathesis of the
propagation alkylidenes with E. Progress in this issue will be
reported in due course.

Experimental

All manipulations were conducted by using standard Schlenk
or dry box techniques under an atmosphere of Argon or nitro-
gen unless specified otherwise. Deuterated solvents for NMR
were freeze-pump-thaw degassed and stored inside a glove
box. Benzene-de, toluene-dg and tetrahydrofuran-dg were dried
and distilled from sodium/benzophenone; CD,Cl, and CDCl;
were dried and distilled from P,05; C,D,Cl, was distilled from
calcium hydride. Regular solvents, i.e. diethyl ether, toluene,
THF, n-pentane, CH,Cl, were dried and deoxygenated by spar-
ging with N,, followed by passing through a triple-column

3300 | Polym. Chem., 2015, 6, 3290-3304

View Article Online

Polymer Chemistry

solvent purification system (MBraun, Garching, Germany).
Commercially available reagents for synthesis were used
without further purification. Celite was dried in vacuo at
180 °C for two days prior to use. Methylalumoxane (MAO,
10 wt% solution in toluene) was purchased from Sigma-
Aldrich. The toluene was removed and the residue was dried
in vacuo at 80 °C overnight to remove any free AlMe; and
stored inside a glove box. Ethylene gas was purified by passing
through columns filled with Cu-catalyst (BASF R3-11G) and 3 A
molecular sieves before use. All homopolymerization reactions
of NBE were carried out in Schlenk tubes under an inert
atmosphere. All copolymerizations of ethylene with NBE were
performed in a Biichi-Uster pressure reactor equipped with a
Huber thermostat. The feed of ethylene was kept constant and
ethylene consumption was monitored by a Biichi pressflow
bpc 6010 flow controller.

NMR data were recorded at 400 MHz for "H and 100 MHz
for *C on a Bruker Avance III 400 spectrometer at 25 °C unless
noted otherwise and reported in ppm relative to tetramethyl-
silane (TMS). All NMR data of the homo-/copolymers were
measured at 100 °C except where noted. FTIR spectra were
measured on a Perkin-Elmer 881 spectrometer with ATR
technology.

Molecular weights and molecular weight distributions were
measured by high-temperature gel permeation chromato-
graphy (HT-GPC) on an Agilent PL-GPC 220 system equipped
with three consecutive PLgel 5 pm MIXED-C 300 x 7.5 mm
columns in 1,2,4-trichlorobenzene at 160 °C. The flow rate was
set to 1 mL min~". The GPC system was calibrated with narrow
polystyrene standards in the range of 162-6 035000 g mol ™"
(Easi Vial-red, yellow and green, Fig. S457), which were all pur-
chased from Polymer Labs. DSC data were recorded by heating
under a nitrogen atmosphere on a Perkin-Elmer DSC7 differ-
ential scanning calorimeter.

2-Isopropylphenylboronic acid

To a solution of 1-bromo-2-isopropylbenzene (19.9 g, 0.10 mol)
in 200 mL of THF cooled to —78 °C was added n-BuLi (66 mL,
1.6 M in hexane, 0.11 mol) and the resulting solution was
stirred for another 15 minutes at —78 °C. A solution of tris(2-
propyl)borate (62 mL, 0.27 mol) in 60 mL of THF was added
drop wise. Afterwards, the resulting mixture was stirred for a
further hour at —78 °C and then allowed to the room tempera-
ture for another 1 h. The system was quenched with aqueous
HCI and extracted with ethyl acetate. After removal of the sol-
vents, the crude was recrystallized from CH,Cl,. Yield: 9.88 g
(60.2%). "H NMR (DMSO-dg): 6 = 0.45 (d, 6H, *Juy = 6.9 Hz,
isopropyl), 1.35 (s, 2H, B(OH),), 2.50 (m, 1H, isopropyl), 6.37
(t, 1H, *Jyy = 7.0 Hz, H-C5 of phenyl), 6.51 (1H, d, *Jiy =
7.6 Hz, H-C; of phenyl), 6.54 (t, 1H, *Jyy = 7.4 Hz, H-C, of
phenyl) 6.57 (d, 1H, *Jyy = 7.2 Hz, H-C, of phenyl). >*C NMR
(DMSO-de): & = 24.4 (CH; of isopropyl), 32.6 (CH of isopropyl),
124.1 (Cs;5 of phenyl), 124.6 (C, of phenyl), 128.6 (Cs of
phenyl), 132.2(C; of phenyl), 151.5 (C, of phenyl).
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6-(2-Isopropylphenyl)pyridin-2-amine

A solution of 2-amino-6-bromopyridine (8.65 g, 0.05 mol) and
Pd(PPhj3), (0.30 g, 0.26 mmol) in toluene (240 mL) was stirred
for 10 minutes. 2-Isopropylphenylboronic acid (8.20 g,
0.05 mol), ethanol (90 mL), sodium carbonate (10.6 g,
0.10 mol) and water (120 mL) were added successively. The
degassed mixture was heated at reflux overnight, then cooled
to room temperature and the aqueous phase was extracted
with ethyl acetate. The combined extracts were dried over mag-
nesium sulphate and concentrated in vacuo to give a solid.
This solid was subjected to chromatography on silica gel using
the mixture (ethyl acetate-CH,Cl,-pentane = 1:1:5, 2 or 3
drops of triethylamine per 1000 mL of solvents) as eluent.
Yield: 10.3 g (97.2%). "H NMR (CDCl,): § = 1.19 (d, 6H, *Jyy =
6.9 Hz, isopropyl), 3.20 (m, 1H, isopropyl), 4.52 (s, 2H, NH,),
6.45 (d, 1H, *Jyy = 8.2 Hz, PyH), 6.70 (d, 1H, *Juy = 7.3 Hz,
PyH), 7.22 (m, 1H, PyH), 7.27 (dd, 1H, *Juy = 3.3, 9.9 Hz, ArH),
7.35 (m, 1H, ArH), 7.39 (d, 1H, %/ = 7.3 Hz, ArH), 7.48 (t, 1H,
*Jun = 7.8 Hz, ArH). >C NMR (benzene-dg): 6 = 24.3, 29.4,
106.6, 114.5, 125.5, 125.7, 128.4, 129.4, 137.8, 140.2, 146.5,
157.9, 158.9. FT-IR (ATR mode, cm™'): 7 = 3461 (m), 3292 (m),
3127 (s), 2962 (m), 1629 (s), 1591 (w), 1567 (w), 1461 (s), 1354
(m), 1262 (m), 1052 (w), 985 (m), 800 (m), 757 (s). MS (ESI)
[m/z] caled for Cy,Hy6Ny: 212.1, found 213.1 (M + H] ¥, 75%),
235.1 ([M + Na ', 25%).

Compound 3

To a solution of 1 (1.9 g, 8.0 mmol) in pentane-diethyl ether
(10:1) was added n-butyllithium (1.6 M in hexane, 5.0 mL,
8.0 mmol) at —35 °C and the mixture was warmed to room
temperature and stirred for 2 h. The precipitate was filtered
and washed with cold pentane-diethyl ether (10:1) and dried
in vacuo to give a light-yellow solid. Yield: 2.2 g (86.4%).

The suspension of 1-Li(Et,0) (1.59 g, 5.0 mmol) in diethyl
ether (50 mL) at —35 °C was added to a solution of 2 (1.29 g,
5.0 mmol) in diethyl ether (13 mL). After the mixture was
stirred overnight at room temperature, LiCl was filtered off and
diethyl ether was removed in vacuo to give a white crude solid,
which was recrystallized from CH,Cl, and pentane to yield
white crystals. Yield: 1.9 g (82.5%). '"H NMR (C¢D¢): &
7.81-7.76 (m, 1H), 7.73 (dd, J = 6.9, 1.1 Hz, 2H), 7.61 (dt, J
7.7, 0.8 Hz, 1H), 7.47-7.38 (m, 3H), 7.30-7.19 (m, 5H), 6.98 (t,
J = 7.9 Hz, 1H), 6.80 (dd, J = 7.6, 0.9 Hz, 1H), 6.02 (dd, J = 8.3,
0.9 Hz, 1H), 5.69 (s, 1H), 3.82 (s, 1H), 1.26 (dq, J = 15.4, 7.7 Hz,
2H), 1.03-0.88 (m, 2H), 0.74 (t, J = 7.6 Hz, 6H), 0.00-0.15 (m,
6H). "H NMR (CD,Cl,): 6 = 7.89 (d, J = 7.6 Hz, 2H), 7.74-7.70
(m, 1H), 7.65 (t, J = 7.9 Hz, 1H), 7.57 (dd, J = 7.5, 0.9 Hz, 2H),
7.48-7.44 [m, 1H), 7.43-7.37 (m, 2H), 7.37-7.29 [m, SH), 7.24
(ddd, j = 15.2, 7.5, 1.0 Hz, 2H), 6.44 (dd, J = 8.3, 0.8 Hz, 1H),
5.43 (s, 1H), 4.25 (s, 1H), 0.71 (dq, J = 15.4, 7.7 Hz, 2H), 0.50
(tt, J = 14.5, 7.4 Hz, 2H), 0.31-0.22 (m, 12H). "*C NMR (C¢Ds):
5=163.6, 158.1, 155.9, 143.7, 141.4, 140.2, 137.7, 130.4, 129.5,
126.9, 126.6, 125.6, 124.7, 121.3, 120.7, 107.8, 106.3, 41.9, 15.1,
10.4, —3.8. ESI-MS: m/z caled for C;oH33BN,Si: 460.25; found:
461.26 [M + H]". Elemental analysis caled (%) for C3oH;3BN,Si:
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C 78.25, H 7.22, N 6.08; found: C 78.03, H 7.26, N 6.04. FTIR
(ATR mode): 3378 (s), 2940 (m), 2857 (m), 1622 (s), 1571 (vs),
1486 (vs), 1447 (s), 1377 (s), 1255 (s), 1171(s), 833 (vs), 801 (vs),
734 (vs).

Compound 4

To a solution of 3 (1.125 g, 2.44 mmol) in 15 mL toluene at
—35 °C were added 2 equivalents of n-BuLi (1.6 M in hexane,
3.05 mL, 4.88 mmol). After the solution was stirred 2 h at
room temperature, the solvent was removed in vacuo and the
resulting orange residue was recrystallized from THF and
pentane at —35 °C to give yellow crystals. Yield: 1.63 g (80.7%).
"H NMR (CgDg): 6 = 8.27-8.16 (m, 4H), 7.82 (t, ] = 6.5 Hz, 2H),
7.48-7.40 (m, 1H), 7.37-7.27 (m, 4H), 7.09-7.01 (m, 2H), 6.93
(dd, J = 8.6, 0.8 Hz, 1H), 6.83 (dd, J = 7.0, 0.9 Hz, 1H), 2.95 (q,
J = 6.5 Hz, 20H, THF), 1.23-1.08 (m, 20H, THF), 1.07-0.92 (m,
16H). '*C NMR (C¢Dy): 6 = 163.8, 157.8, 140.6, 140.3, 137.0,
128.9, 125.0, 124.8, 122.9, 120.6, 120.1, 120.0, 115.7, 114.6,
98.6, 81.5, 67.6 (s, C-O, THF), 25.3 (s, C-O, THF), 13.2, 11.1,
3.4. Elemental analysis caled (%) for CsoH;;BN,O5SiLi,(THF):
C 71.67, H 8.80, N 3.10; found: C 71.64, H 8.48, N 3.46.

Complex Zr-1

A solution of 4 (1.43 g, 1.58 mmol) in toluene (15 mL) at
—35 °C was added to a solution of ZrCl,-2THF (596 mg,
1.58 mmol) in THF and the resulting orange-red mixture was
stirred at room temperature for 36 h. LiCl was filtered off and
all solvents was removed in vacuo. The resulting red residue
was dissolved in toluene (10 mL) and stirred for 15 min, fol-
lowed by the removal of any insoluble solid via filtration
through celite. After the removal of the solvent, the red solid
was recrystallized from CH,Cl, and pentane at —35 °C. Yield:
220 mg (18.2%). "H NMR (CD,Cl,): 6 = 8.10 (d, J = 7.6 Hz, 2H),
8.07-7.95 (m, 3H), 7.84 (d, J = 7.7 Hz, 1H), 7.67 (dd, J = 7.7, 0.9
Hz, 1H), 7.55 (dt, J = 15.0, 4.1 Hz, 3H), 7.44-7.33 (m, 3H), 7.28
(td, J = 7.5, 1.2 Hz, 1H), 7.09 (dd, J = 8.1, 0.8 Hz, 1H), 3.00 (s,
4H, THF), 1.49 (t, J = 6.6 Hz, 4H, THF), 0.77 (d, J = 59.3 Hz,
10H), 0.47 (dd, J = 8.3, 6.4 Hz, 6H). "H NMR (C¢Dy): & = 8.24 (d,
J=7.7 Hz, 2H), 7.89 (d, J = 7.2 Hz, 1H), 7.78 (d, J = 7.6 Hz, 2H),
7.66 (d, J = 7.7 Hz, 1H), 7.50-7.37 (m, 3H), 7.27 (td, ] = 7.6, 1.1
Hz, 1H), 7.19 (ddd, J = 7.8, 4.2, 2.3 Hz, 3H), 7.06 (dd, J = 7.7,
1.0 Hz, 1H), 6.96 (dd, J = 8.0, 0.8 Hz, 1H), 2.55 (s, 4H), 1.53 (s,
4H), 1.05 (s, 6H), 0.60 (s, 10H). >C NMR (CcD¢): § = 165.2,
162.5, 159.3, 140.3, 137.1, 130.2, 129.7, 126.8, 125.4, 123.7,
122.0, 121.4, 120.3, 116.3, 111.2, 99.4, 76.4 (THF), 25.1 (THF),
11.9, 1.4, —0.1. *C NMR (CD,Cl,): § = 162.5, 158.8, 140.9,
137.5, 137.2, 129.7, 129.3, 127.2, 125.3, 124.1, 121.8, 121.3,
120.7, 117.0, 111.4, 99.7, 75.9 (THF), 25.9 (THF), 11.2, 4.1, 4.0,
—0.1. Elemental analysis caled (%) for Cjz;H39BCl,N,OSiZr
(THF),,(CH,Cl,),,4: C 57.84, H 5.71, N 3.83; found: C 57.87, H
5.65, N 3.94. Crystals suitable for single-crystal X-ray analysis
were obtained by recrystallization from CH,Cl,-pentane.

Complex Hf-1

A solution of 4 (400 mg, 0.442 mmol) in toluene (15 mL) at
—35 °C was added to a suspension of HfCl,-2THF (205 mg,
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0.442 mmol) in toluene; then the yellow mixture was stirred at
room temperature for 24 h. Lithium chloride was filtered off
and the solvent was removed in vacuo. The resulting red
residue was dissolved in toluene and any insoluble solid was
filtered off through a pad of celite. After the removal of the
solvent, the red solid was recrystallized from toluene and
pentane at —35 °C. Yield: 35 mg (9.2%). "H NMR (C¢Dg): 6 =
8.19 (d, J = 48.0 Hz, 2H), 7.92 (d, J = 7.2 Hz, 1H), 7.83 (d, J = 7.4
Hz, 2H), 7.68 (d, J = 7.7 Hz, 1H), 7.48-7.39 (m, 3H), 7.28 (td, J =
7.5, 1.2 Hz, 2H), 7.22 (t, J = 7.8 Hz, 1H), 7.06 (dd, J = 7.7,
1.0 Hz, 1H), 7.04-7.00 (m, 1H), 2.50 (d, 3H), 1.64 (d, 2H), 1.03
(s, 6H), 0.54 (s, 4H), 0.20 (s, 4H). >C NMR (C¢Dq): 6 = 165.4,
162.5, 159.3, 145.6, 140.1, 139.3, 138.0, 137.2, 136.3, 130.2,
129.6, 129.3, 128.1, 126.8, 125.3, 124.2, 123.6, 123.0, 121.4,
120.7, 119.1, 117.9, 111.3, 96.1, 77.3, 25.2, 10.4, 2.6, 1.4.
Elemental analysis caled (%) for C33H3oBCl,N,OSiHf (THF),,:
C 52.99, H 5.31, N 3.43; found: C 53.07, H 5.35, N 3.53. Crystals
suitable for single-crystal X-ray analysis were grown from
toluene-pentane.

Compound 5

To a solution of 2-(2-bromophenyl)-6-(2,2,5,5-tetramethyl-1,2,5-
azadisilolidin-1-yl)pyridine (2.0, 5.1 mmol) in diethyl ether
was slowly added a solution of n-butyl lithium (2.5 M, 2.45 mL,
6.1 mmol) in hexane at —78 °C and the mixture was stirred for
1.5 h at this temperature. A solution of dimesitylboron fluoride
(2.06 g, 7.66 mmol) in THF (10 mL) was added and the
mixture was stirred for a further hour at —78 °C, then gradually
warmed to room temperature and stirred overnight. Ice water
was added to hydrolyze the protecting group and the solution
was stirred for 30 min. The mixture was diluted with ethyl
acetate, washed with water and brine and dried over MgSO,.
After removal of the solvent, the residue was subjected to
chromatography on silica gel eluting with hexane-ethyl acetate
(9:1) to yield the target product.*’** Yield: 0.97 g (45.5%). 'H
NMR (THF-dg): 6 = 7.81-7.72 (m, 1H), 7.71-7.62 (m, 2H), 7.33
(dd, J = 7.5, 1.1 Hz, 1H), 7.13-6.99 (m, 2H), 6.56 (s, 4H), 6.42
(dd, J = 8.3, 1.1 Hz, 1H), 6.28 (s, 2H, NH,), 2.10 (s, 6H),
2.00-1.76 (m, 12H). *C NMR (THF-dg): § = 159.2, 158.2, 144.1,
141.8, 136.8, 134.0, 131.0, 129.5, 125.2, 122.2, 110.1, 105.4,
67.2, 25.1, 20.6. ESI-MS: mj/z caled for C,oH;;BN,: 418.26;
found: 419.26 [M + H]". FTIR (ATR mode): 3446 (m), 3348 (s),
2907 (m), 1633 (s), 1603 (vs), 1566 (s), 1493 (s), 1444 (s), 846
(m), 753 (vs), 729 (m), 702 (s).

Compound 6

To a solution of 5 (900 mg, 2.15 mmol) in 25 mL of THF at
—35 °C was added n-BuLi (1.6 M in hexane, 1.34 mL,
2.15 mmol). After the solution was stirred 3 h at room temp-
erature, the solvent was removed in vacuo and the resulting
orange residue was washed twice with pentane to give a yellow
solid, which was used without any further purification. Due to
its sensitivity and instability, only the "H NMR spectrum was
recorded. "H NMR (C¢Dy): 6 = 8.04 (d, J = 7.3 Hz, 1H), 7.67 (d,
J = 7.4 Hz, 1H), 7.20 (dd, J = 12.1, 5.9 Hz, 1H), 7.15-7.10 (m,
1H), 7.04 (t, ] = 7.7 Hz, 1H), 6.71 (t, ] = 23.4 Hz, 5H), 6.07 (d, ] =
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8.4 Hz, 1H), 4.79 (s, 1H), 3.20 (d, J = 6.1 Hz, 8H), 2.16 (s, 18H),
1.35-1.15 (m, 8H).

Compound 7

To a solution of 6 (1.977 g, 3.47 mmol) in diethyl ether
(50 mL) at —35 °C was added a solution of chlorodimethyl
(2,3,4,5-tetramethylcyclopenta-2,4-dienyl)silane (768 pL,
3.47 mmol) in diethyl ether (5 mL). After the mixture was
stirred overnight at room temperature, lithium chloride was fil-
tered off and diethyl ether was removed in vacuo to yield a
pink crude solid, which was subsequently recrystallized from
diethyl ether and pentane to give a white solid. Yield: 1.70 g
(82.1%). "H NMR (C¢Dq): & = 8.08 (d, J = 7.7 Hz, 1H), 7.54 (d,
J = 7.5 Hz, 1H), 7.13 (dd, J = 7.5, 1.1 Hz, 1H), 7.07-6.97 (m,
2H), 6.85 (dd, J = 7.6, 1.0 Hz, 1H), 6.75 (s, 4H), 6.41 (s, 1H,
NH), 6.26 (dd, J = 8.3, 1.0 Hz, 1H), 2.89 (s, 1H), 2.16 (d, J =
7.3 Hz, 18H), 1.68 (s, 6H), 1.52 (s, 6H), —0.06 (s, 6H). ">*C NMR
(CeDe): 6 = 159.6, 159.2, 142.2, 140.6, 137.9, 137.2, 135.9, 134.5,
131.8,131.1, 130.7, 129.5, 128.1, 125.2, 122.2, 110.0, 106.0, 54.2,
25.3, 20.8, 13.8, 11.2, —3.6. Elemental analysis caled (%) for
C40H40BN,Si: C 80.51, H 8.28, N 4.69; found C 80.41, H 8.43, N
4.43. ESI-MS: m/z caled for C4yH,49BN,Si: 596.38; found. 619.38
[M + NaJ". FTIR (ATR mode): 3291 (m), 2913 (m), 1624 (m),
1560 (s), 1490 (vs), 1438 (s), 845 (s), 820 (vs), 756 (vs), 699 (s).

Complex Zr-2

To a solution of 7 (1.0 g, 1.676 mmol) in toluene (10 mL) at
—35 °C were added 2 equivalents of n-BuLi (1.6 M in hexane,
2.1 mL, 3.35 mmol). The solution was allowed to warm to
room temperature and stirred for 2 h, then re-chilled to —35 °C
and finally added to a solution of ZrCl,-2THF (632 mg,
1.676 mmol) in toluene (10 mL). The resulting brown mixture
was stirred at room temperature for 36 h. LiCl was filtered off
and the solvent was removed in vacuo. The resulting earth-
yellow residue was dissolved in toluene and filtered off insolu-
ble solid. After the removal of the solvent, the solid was recrys-
tallized from toluene and pentane at —35 °C. Yield: 412 mg
(32.5%). 'H NMR (C¢Dg): 6 = 9.19 (dd, J = 7.8, 0.7 Hz, 1H), 7.58
(dd, s = 7.5, 0.9 Hz, 1H), 7.50 (td, J = 7.6, 1.4 Hz, 1H), 7.10 (td,
J = 7.5, 1.2 Hz, 1H), 6.82-6.72 (m, 2H), 6.64 (s, 4H), 5.34 (dd,
J=17.5,1.4 Hz, 1H), 2.16 (s, 12H), 2.09 (t, J = 4.7 Hz, 18H), 0.41
(s, 6H). *C NMR (CgDg): & = 162.7, 157.7, 148.7, 143.9, 143.5,
141.4, 139.3, 138.6, 135.9, 131.8, 131.6, 131.3, 130.5, 129.0,
128.8, 120.2, 106.7, 102.6, 24.2, 21.3, 14.5, 11.9, 2.8. Elemental
analysis caled (%) for C,,H,,BCl,N,0SiZr: C 63.48, H 6.26,
N 3.70; found C 63.13, H 6.42, N 3.62. Crystals suitable for
single-crystal X-ray analysis were grown from toluene-pentane.

Compound 8

To a solution of 6-(2-isopropylphenyl)pyridin-2-amine (1.06 g,
5.0 mmol) in diethyl ether (25 mL) was added a butyllithium
solution (1.6 M in hexane, 3.12 mL, 5.0 mmol) at —35 °C. After
1 min, a precipitate formed and the mixture was allowed to
warm to room temperature and stirred for another 10 minutes.
The suspension was cooled to —35 °C again and a solution of
2 (1.29 g, 5.00 mmol) in diethyl ether (20 mL) was added. The
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mixture was warmed to room temperature and stirred for
another 2 h. The precipitate was filtered off and the resulting
filtrate was dried in vacuo. The residue was recrystallized from
diethyl ether and pentane to obtain a green solid. Yield: 1.98 g
(91.1%). "H NMR (CDCl;): 6 = 7.85 (d, J = 7.5 Hz, 6H), 7.52 (t,
J = 7.8 Hz, 3H), 7.43 (d, J = 7.5 Hz, 6H), 7.41-7.36 (m, 4H),
7.36-7.30 (m, 11H), 7.26-7.18 (m, 8H), 6.74 (d, J = 7.4 Hz, 3H),
6.50 (d, J = 8.2 Hz, 3H), 4.56 (s, 3H), 4.19 (s, 3H), 3.42 (dq, J =
13.7, 6.8 Hz, 3H), 1.17 (d, J = 6.9 Hz, 18H), 0.02-0.05 (m, 18H).
"H NMR (C¢Dq): 6 = 7.77 (d, J = 7.6 Hz, 6H), 7.48-7.39 (m, 9H),
7.29-7.22 (m, 10H), 7.08 (td, J = 7.4, 1.4 Hz, 3H), 6.65 (dd, J =
7.4, 0.8 Hz, 3H), 5.96 (dd, J = 8.2, 0.8 Hz, 3H), 4.78 (s, 3H),
3.71-3.53 (m, 6H), 1.14 (d, J = 6.9 Hz, 18H), —0.01-0.09 (m,
17H). *C NMR (CDCl,): 6 = 159.2, 159.1, 146.4, 145.1, 140.8,
140.7, 137.8, 129.7, 128.2, 126.2, 125.5, 125.4, 124.5, 120.0,
114.6, 108.1, 77.2, 42.0, 29.2, 24.3, —3.5. ESI-MS: m/z caled for
C,oH30N,Si: 434.22; found 435.22 [M + H]". FTIR (ATR mode):
3404 (m), 2957 (m), 1588 (s), 1571 (s), 1460 (s), 1493 (s), 1371
(s), 1294 (s), 1036 (s), 855 (s), 801 (vs), 740 (vs).

Compound 9

To a solution of 8 (1.5 g, 3.45 mmol) in toluene (7 mL) at
—35 °C were added 2 equivalents of n-BuLi (1.6 M in hexane,
4.31 mL, 6.90 mmol). The solution was stirred for 2 h at room
temperature, followed by the removal of the solvent. The
resulting orange residue was recrystallized from THF and
pentane at —35 °C to give yellow crystals, which turned out to
be unstable even at low temperature. Yield: 1.83 g (72.5%). 'H
NMR (THF-dg): 6 = 7.82 (d, J = 7.5 Hz, 2H), 7.70 (d, J = 8.1 Hz,
2H), 7.11 (dd, J = 16.0, 7.6 Hz, 3H), 6.98 (t, /] = 7.4 Hz, 1H), 6.76
(d, J = 24.1 Hz, 3H), 6.39 (s, 2H), 6.26 (d, J = 8.3 Hz, 1H), 5.67
(d,J = 6.2 Hz, 1H), 3.55 (d, J = 4.9 Hz, 3H), 3.44 (s, 1H), 1.69 (s,
4H), 1.09 (d, J = 6.9 Hz, 6H), 0.48 (s, 6H).

Complex Zr-3

A solution of 9 (1.24 g, 1.694 mmol) in toluene (5 mL) at
—35 °C was added to a solution of ZrCl,-2THF (639 mg,
1.694 mmol) in THF (10 mL); then the mixture was stirred at
room temperature for 36 h. Lithium chloride was filtered off
and all solvents were removed in vacuo. The resulting red
residue was dissolved in CH,Cl, and filtered through a pad of
celite. After the removal of the solvent and recrystallization
from CH,Cl, and pentane at —35 °C, an orange solid was
obtained. Yield: 283 mg (17.5%). "H NMR (C¢Ds): 6 = 8.05 (d,
J = 8.1 Hz, 4H), 7.85-7.78 (m, 6H), 7.30 (ddd, J = 8.2, 7.0, 1.2
Hz, 4H), 7.21 (ddd, J = 8.0, 7.0, 1.0 Hz, 5H), 7.06-7.03 (m, 3H),
6.98 (dt, J = 9.9, 5.0 Hz, 2H), 6.44 (dd, J = 7.6, 0.9 Hz, 2H), 5.82
(dd, J = 8.2, 0.9 Hz, 2H), 3.07 (dt, J = 13.6, 6.8 Hz, 2H), 2.94 (s,
8H), 1.19 (d, J = 6.8 Hz, 12H), 0.88 (td, J = 6.7, 3.0 Hz, 9H), 0.64
(d, J = 3.4 Hz, 12H). *C NMR (C¢Dg): 6 = 165.7, 156.4, 146.8,
141.9, 140.8, 137.4, 134.6, 130.4, 129.4, 128.1, 126.5, 125.8,
125.4, 124.9, 123.3, 121.0, 117.1, 108.2, 83.1, 74.3, 30.4, 25.2,
24.7, 1.1. Elemental analysis caled (%) for C3sH40BCl,N,OSiZr
(CH,Cl,) (toluene),,4: C 61.00, H 5.73, N 3.98; found C 61.25, H
5.85, N 4.31.
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Variable-temperature 'H and ''B NMR

Manipulations were carried out inside a glove box under a
nitrogen atmosphere. Catalyst: MAO:NBE = 1:30:10, [cata-
lyst] = 0.08 mol L™'. MAO or MAO/NBE were dissolved in
toluene-dg and kept in an NMR tube, after cooling at —37 °C
for 2 h, a chilled solution of the catalyst in toluene-dg was
added to the NMR tube. The total volume of the solution was
~ 0.6 mL. The NMR tube was chilled in liquid nitrogen prior
to 'H and "'B NMR measurements.

General procedure for NBE homopolymerization

All preparations were carried out inside a glove box. Defined
amounts of NBE and MAO were dissolved in toluene (45 mL)
in a Schlenk tube. The mixture was stirred for 5 min prior to
the addition of a defined amount of catalyst in toluene (5 mL)
and heated to the desired temperature. The reaction was
quenched after 1 h by the addition of methanol (10 mL). The
resulting mixture was poured into a solution of acidic metha-
nol (500 mL of methanol containing 10 mL of concentrated
HCI). The polymer was collected by filtration and washed with
methanol (3 x 100 mL), then dried in vacuo at 50 °C for 2 days.

General procedure for E-NBE copolymerization

Samples were prepared inside a glove box. Polymerization reac-
tions were carried out in a Biichi glass reactor (500 mL), which
was dried at 120 °C in vacuo for 2 h, cooled to 30 °C and
purged with Ar gas prior to use. A mixture of monomer and
MAO in toluene (ca. 245 mL) and a solution of the catalyst in
toluene (ca. 5 mL) were quickly introduced into the reactor
and stirred (300 rpm) at 30 °C. Ethylene gas was introduced
once the mixture had reached the desired temperature. The
reaction was quenched after 1 h by the addition of methanol
(10 mL). The resulting mixture was poured into a solution of
acidic methanol (500 mL of methanol containing 10 mL of
concentrated HCI). The polymer was collected by filtration and
washed with methanol (3 x 100 mL), then dried in vacuo at
50 °C for 2 days.
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