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Preparation of silyl-terminated branched
polyethylenes catalyzed by Brookhart's nickel
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Brookhart's nickel a-diimine complex [(k,-N,N-BIAN)NICLl,] (1) (where BIAN = {Ar—N=Ace=N-Ar}, Ace =
acenaphthen-1,2-diyl, and Ar = 2,6-(iPr),-CgH=) activated with a hydrosilane/B(CgFs)3 (SiHB) adduct forms
a highly active catalytic system for ethylene polymerization. Under optimal conditions, the activity of the
system depends on the nature of hydrosilane and decreases in the order RsSiH > Ph,SiH, > PhSiHs. The
decrease in system activity within the hydrosilane series is correlated with increasing formation of Ni()
species. In addition to their activation effect, hydrosilanes act as efficient chain termination/chain transfer
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agents, with the Si/Ni ratio controlling the molecular weight of the resulting polyethylene (PE). The use of
EtsSiH generated elastomeric, highly branched polymers with a saturated chain-end, while systems using
Ph,SiH, and PhSiHz led to branched end-functionalized PEs terminated with the hydrosilyl functionality

rsc.li/dalton (i.e. br-PE-SiPh,H or br-PE-SiPhH,).
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Introduction

Brookhart’s discovery of nickel and palladium o-diimine com-
plexes and their use for chain-walking ethylene polymerization
stands as one of the milestones of modern polyolefin chemistry.”
The specific mechanism led to the formation of branched poly-
ethylenes (br-PEs) from homopolymerization of ethylene. The
importance of the catalyst and thereof produced materials has
been highlighted in several recent reviews.>® Most works were
focused on the modification of the ligand structure of the parent
nickel complex to increase its activity and stability; however, the
investigation of the role of co-catalysts/activators is rather scarce.
Since the initial discovery, methylaluminoxane (MAO) and its
derivatives remained the most utilized co-catalysts for the acti-
vation of nickel-halide bonds. Unlike early transition metal com-
plexes, organoaluminium compounds (R,AIC] and RAICI,, where
R = Me, Et) are also efficient in activating nickel diimine dihalide
complexes at low Al/Ni ratios."”

Silane-functionalized polyolefins (Si-PO) have been explored
for their unique properties and possible utilization as compatibi-
lizers for blending the polyolefin with inorganic fillers, processing
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aids and battery separators.® The Si-PO polymers could be pre-
pared by various methods, for example post-functionalization of
vinyl-terminated polyolefins (e.g. hydrosilylation), free radical
grafting, and coordination polymerization (Chart 1). Coordination
polymerization was mainly used for the preparation of branched
PO (particularly br-PE). In this respect, Brookhart explored the
copolymerization of ethylene with vinyltrialkoxysilanes using
nickel and palladium o-diimine complexes to produce silyl-func-
tionalized br-PEs. The copolymerization afforded low to medium
(5-60 branches per 1000C, Ni catalyst) and highly branched (100
branches per 1000C, Pd catalyst) copolymers with multiple trialk-
oxysilyl groups incorporated.”’® Later on, Chen extended the
methodology to the copolymerization of ethylene with in situ gen-
erated allylsilanes to produce polyolefin bearing silyl-functiona-
lized branches.""

Another strategy for the introduction of the silane function-
ality as the PE end-group was developed by Marks."> The strat-
egy used hydrosilanes as chain transfer agents (CTAs);
however, it was applied mostly for lanthanide and early tran-
sition metal catalysts and produced mainly linear silyl-termi-
nated PEs."® Recently, the catalyst scope was extended to late
transition metal complexes based on cobalt and palladium by
Guironnet, and the latter gave rise to end-functionalized silyl-
terminated br-PEs."*'®> Guironnet proposed a mechanism
where the formation of species having metal-silicon bonds is
the key point of the catalytic cycle. Subsequently, ethylene is
inserted into the M-Si bond (and then repeatedly into the M-
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Chart 1 Branched Si-PO and their preparation.

polymeryl bond) and the cycle is looped by termination with
hydrosilane. The hydride is transferred from hydrosilane to
the polymer chain and M-Si species is regenerated. It should
be mentioned that the last step (hydride transfer to polymer)
is consistent with the observations made by Brookhart, where
using Et;SiH for the cleavage of neutral Pd-alkyl or cationic
Pd-polyolefinyl generated a saturated alkane/polyolefin.'®"”
On the other hand, the cleavage of Ni-octyl bonds in the
nickel diimine complex with hydrosilanes HSiMe,(OEt);_, (n =
0-3) resulted in the respective 1-octylsilanes as shown by
Chirik.®

In recent years, we have investigated the hydrosilane/B
(C6Fs); (SiHB) system for the activation of early transition (Ti,
Zr) metal halide complexes to generate catalytic systems for
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catalytic (co)polymerization of olefins and hydrodehalogena-
tion reactions.'®**> We proposed that the hydride transfer from
hydrosilane to B(Ce¢Fs); and finally to the transition metal is
the key activation step (Scheme 1).

Herein, we extend the utilization of the SiHB system to late-
transition metal complexes. We describe the activation of
Brookhart’s nickel a-diimine complex [(k,-N,N-BIAN)NiCl,] (1),
where BIAN = {Ar-N=Ace=N-Ar}, Ace = acenaphthen-1,2-diyl
and Ar = 2,6-(iPr),-C¢H; (Chart 2), with SiHB and use thereof
generated system in the chain-walking polymerization of ethyl-
ene. We demonstrate the importance of the hydrosilane nature
and the Si/Ni molar ratio in the system activity and the result-
ing polymer structure. In addition, we show the first example
of the preparation of hydrosilyl-terminated br-PEs.

Suggested mechanism of activation ( SiHB system )

active species M=Ti,Zr L=Cp,Cp* X=CIlF R =H, alkyl, aryl
® ‘I:I B(C.Fc) R .,.»»~'B(C6F5)3
SH o + LZM\X  — )(""“SI\R
HB(C4Fs)3 HSiR; v LZMiX
T - XSiR; \ R3§i—H""""B(C6F5)3 l
R - B(CeFs)s S
Red:ir x* ® .- XSiR3 or solvent
~Si P »
X" R - LZM\ — LM
LZM: - XSiR; or solvent X H(; C.F
H - B(CeF)s (CeFs)s

Scheme 1 Proposed SiHB system activation mechanism.
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Chart 2 Brookhart's nickel a-diimine complex 1.

Results and discussion

Performance of 1/B(C¢F;);/hydrosilane in ethylene
polymerization

We started the investigation with a tertiary silane using the 1/B
(C6Fs)3/Et3SiH system based on our previous results with zirco-
nocene precatalysts.'>*> We proposed that a hydride transfer
from the hydrosilane to the boron center and finally to a tran-
sition metal has general validity and could be applied to 1 as
well. The catalytic system based on 1 showed comparable
activity but a different reaction profile (represented by ethylene
uptake, Fig. S1 in ESIf) in comparison to the Cp,ZrCl,/B
(CeF5)3/Et;SiH system under similar conditions.*® We noted a
steady kinetics during the initial state of the polymerization
catalyzed by the active species derived from 1, probably as a
result of the active species stability and lower sensitivity to
impurities. In a series of preliminary experiments (Table 1), we
determined conditions to achieve an optimal catalytic
efficiency and a reproducible polymerization outcome as
follows: concentration of [1] = 0.1 mM (i.e. 5 pmol per 50 ml),
Si/B/Ni = 3000/3/1, and dichloromethane was used as the
solvent. Under these conditions, the system reached activities
3180 and 3130 kgpy (moly; h bar)™, respectively (entries 3 and
4 in Table 1), while utilization of toluene as the polymerization
medium led to ca. half activity (1460 kgpg (moly; h bar)™,
entry 5 in Table 1). Notably, ethylene solubility under the given
conditions is quite similar for toluene (0.4 M)** and dichloro-
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methane (0.5 M);*® therefore, we suggest that this does not
contribute to the difference in system activity. The lower ethyl-
ene polymerization activity in toluene is in agreement with
considerably slower 1-hexene polymerization in toluene-dg in
comparison to CD,Cl, observed during NMR experiments (see
below). The best activities obtained with the 1/B(C¢F5)s/Et3SiH
system are ca. 25% lower in comparison to those obtained for
1/MMAO in CH,Cl, by us (4070 kgpg (moly; h bar)™, entry 8 in
Table 1) or for 1/MAO in toluene by Brookhart (4340 kgpg
(moly; h bar)™")." At lower concentrations of 1, (entries 6 and 7
in Table 1), we also obtained activities close to those for MAO
activation; however, the reproducibility of polymerization was
considerably lower.

Subsequently, we investigated the effect of the Si/Ni molar
ratio (the studied range of the Si/Ni ratio was 10-6000) on the
system performance and produced polymer properties. The
results are summarized in Table 2. Interestingly, the system
showed some activity even at the lowest studied Si/Ni ratios of
10 and 50 (entries 1 and 2 in Table 2), giving activities 25 and
980 kgp (moly; h bar)™, respectively. This indicates the appli-
cability of the Et;SiH/B(C¢Fs); activator system at a low Si/Ni
ratio, similar to the activation of [(k,-N,N-BIAN)NiBr,] with the
organoaluminium activator Et,AICl (where the Al/Ni ratio was
as low as 10)."” The reasonable activity of the system at low Si/
Ni ratios could also be explained by the higher tolerance of the
system towards impurities (low electrophilicity and oxophilicity
of the active species derived from 1 in comparison to group 4
complexes). A further increase in the Si/Ni ratio from 100 to
3000 (entries 3-6, Table 2) led to higher system activity, reach-
ing its maximum value of 3180 kgpg (moly; h bar)™ at Si/Ni =
3000. At the highest Si/Ni ratio of 6000 (entry 7, Table 2), a ca.
25% activity drop to 2730 kgpg (moly; h bar)™" was observed,
while ethylene consumption was lower in comparison to entry
6 during the whole polymerization process (Fig. S2 in ESIT).
This could be attributed to the lower amount of active species
due to their reduction to inactive Ni(1) species (see below).

Generally, we suggest the presence of stable active species
during the polymerization at a wide Si/Ni range (50-6000) for
up to five minutes (prolonged polymerization times are sub-
stantially hampered by reactor fouling even at Si/Ni = 50),

Table 1 Ethylene polymerization results of 1/B(C¢Fs)s/hydrosilane catalytic systems. Catalyst optimization experiments®

Entry Ni (pmol) Polym. medium Si/B/Ni T(min) P (bar) Yield(g) 4° M, (gmol™) M,/M,° Bran. per 1000C"
1°¢ 15 CH,Cl, 1000/1 1 3 1.916 2550 67 800 1.9

2 5 CH,Cl, 3000/3 5 1 1.314 3150 49600 3.4

3 5 CH,Cl, 3000/3 5 3 3.980 3180 47500 3.3 71

4/ 5 CH,Cl, 3000/3 5 3 3.910 3130

5¢ 5 TOL 3000/3 5 3 1.830 1460 81200 2.9

6 2.5 CH,Cl, 3000/3 5 3 2.408 3850 85200 3.4

7 1 CH,Cl, 3000/3 5 3 0.940 3760 143100 2.7

8 1 CH,CL, MMAO, AI/Ni (1000/1) 10 3 2.036 4070 229900 2.1

Ref.1 0.83 TOL MAO, Al/Ni (1000/1) 30 1 1.800 4340 190 000 2.2 70

“ polymerization conditions: 1 was dissolved in CH,Cl,, hydrosilane was Et;SiH, temperature 25 °C, total volume 50 mL, rpm 800. ?[A] = kgpg
(moly; h bar)™’. ¢ Determined by HT-SEC. ¢ Determined by NMR. ¢ Very high initial activity (ethylene consumption 900 mL min~" after 10 s),
highly exothermic (temperature jumps to 50 °C within 1 min), mass transport problem.Reproducibility experiment to entry 3. £ Serious mass
transport and diffusion problem, after 2 min a jellylike material was observed (no PE precipitation).

This journal is © The Royal Society of Chemistry 2024
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Table 2 Ethylene polymerization catalyzed with 1/B(C¢Fs)s/tertiary silane systems?

Entry Silane Si/Ni T (min) Yield (g) Y M,° (g mol™) My /My© Bran. per 1000C? T’ (°C) X’ (%)
1 Et;SiH 10 30 0.190 25 177 500 2.5 81 22

2 Et;SiH 50 5 1.230 980 138200 2.9 71 19

3 Et;SiH 100 5 1.890 1510 130 600 2.8 63 15

4 Et;SiH 500 5 2.673 2140 95 800 3.3 54 11

5/ Et;SiH 1500 5 3.302 2640 80500 3.1 47 9

6f_ Et;SiH 3000 5 3.980 3180 47 500 3.3 71 28 5

7/ Et;SiH 6000 5 3.413 2730 73100 2.8 11 5

8 Me,PhSiH 3000 5 2.525 2020 22900 4.7 60 64 14

9 (EtO);SiH 3000 10 1.085 430 124 400 3.2 73 18

4 Polymerization conditions: [1] = 0.1 mM, polymerization medium CH,Cl,, temperature 25 °C, pressure 3 bar, B/Ni = 3, total volume 50 mL, rpm
800. ”[A] = kgpg (moly; h bar)™. ° Determined by HT-SEC. ? Determined by NMR. ° Determined by DSC from the second heat. /Ethylene mass

transport problem.

which was supported by ethylene consumption profiles
(Fig. S2 in the ESIT). However, at the highest Si/Ni ratios (3000
and 6000) a drop in the ethylene consumption could be
observed as polymerization matured (after ca. 3-4 min). This
was a result of reactor fouling and ethylene diffusion
limitation.

In addition to Et;SiH, we have tested other tertiary silanes:
Me,PhSiH (entry 8, Table 2, A = 2020 kgpy; (moly; h bar)™) and
(EtO);SiH (entry 9, Table 2; A = 430 kgpy (moly; h bar)™);
however, the respective catalytic systems were considerably less
active in comparison to Et;SiH.

Next, we tested secondary (Ph,SiH,) and primary (PhSiHj;)
silanes in the activation of 1 at Si/Ni ratios of 10-3000
(Table 3). Ph,SiH, was able to activate 1 at the lowest Si/Ni
ratio of 10, giving activities 3 times higher (85 kgpg (moly; h
bar)™", entry 1 in Table 3) in comparison to Et;SiH (25 kgpg
(moly; h bar)™", entry 1 in Table 2) under the same conditions.
Further increasing the Si/Ni ratio to 100 led to a maximum
activity of the 1/B(CeFs5)3/Ph,SiH, system (300 kgpg (moly; h
bar)™?, entry 3 in Table 3); however, this value is ca. one order
of magnitude lower in comparison to the maximum values
obtained for the system activated with Et;SiH. Interestingly,
further increasing the Si/Ni ratio led to systems with decreased

activity, with the lowest value obtained at the highest Si/Ni
ratio of 3000 (15 kgpy, (moly; h bar)™, entry 5 in Table 3).

The inhibiting effect of excessive silane was even more pro-
nounced when we used PhSiH;. At the lowest Si/Ni ratio of 10,
we obtained a ca. 6-times more active system (155 kgpg (moly;
h bar)™', entry 6 in Table 3) in comparison to 1/B(CeFs)s/
Et;SiH under the same conditions. Further increasing the Si/
Ni ratio led to a decrease in the 1/B(CgFs)s/PhSiH; system
activity and finally resulted in a complete system inactivity at
Si/Ni 3000 (entry 9 in Table 3). The drop in activity with
increasing PhSiH3/1 ratio is accompanied by a significant
color change of the polymerization mixture: yellow (PhSiH;/1 =
10), brown (PhSiH;/1 = 50), greenish (PhSiH;/1 = 100), and
green (PhSiH3/1 = 3000).

Binary hydrosilane Et;SiH/Ph,SiH, system

The inhibiting effect of excessive silane (particularly secondary
and tertiary ones) was further investigated in polymerization
experiments involving a binary silane system (Table 4).

The addition of a small amount of Ph,SiH, to the most
effective system 1/B(CgF;)3/Et;SiH (Et;SiH/Ph,SiH, ratio 60) led
to a deterioration of the system activity to ca. one half
(1900 kgpg (moly; h bar)™, entry 1 in Table 4) in comparison

Table 3 Ethylene polymerization catalyzed with 1/B(CgFs)s/Ph,SiH; or PhSiH3?

Si/ T Yield Si per si%e M,/ (g M,/ Bran. per Tnf X2
Entry Silane Ni  (min)  (g) A" 1000C° (mol%) mol™) M, 1000C° (°C) (%)
1 Ph,SiH, 10 30 0.635 85 n. o 163 100 2.7 79 20
2 Ph,SiH, 50 5 0.270 220 0.243 52 30200 3.4 85 23
3 Ph,SiH, 100 5 0.370 300 0.537 56 14 600 3.0 86 27
4 Ph,SiH, 500 5 0.175 140 3.028 67 3100 2.8 89 24
5 Ph,SiH, 3000 30 0.110 15 n.d.' 1200 1.5 40 69 28
6 PhSiH; 10 30 1.165 155 n.o.” 48100 3.4 45 82 23
7 PhSiH; 50 30 0.476 65 0.509 13 3700 2.8 88 30
8 PhSiH; 100 30 0.370 50 0.837 11 1900 2.4 37 91 30
9 PhSiH; 3000 30 0 0

4 Polymerization conditions: [1] = 0.1 mM, polymerization medium CH,Cl,, temperature 25 °C, pressure 3 bar, B/Ni = 3, total volume 50 mL, rpm
800. °[A] = kgpy (moly; h bar)™. “Determined by FT-IR (pressed foils, transmission mode). ?Percentage of silyl terminated polymers.
°Determined by NMR. / Determined by HT-SEC. ¢ Determined by DSC from the second heat. " n. o. signal corresponding to the Si-H stretch was
not observed (or is beyond the spectrometer’s resolution capability). ‘ Not determined (waxy material, unsuitable for foil preparation), ATR ZnSe
shows very high Si content.

5252 | Dalton Trans., 2024, 53, 5249-5257 This journal is © The Royal Society of Chemistry 2024
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Table 4 Ethylene polymerization catalyzed with 1/B(C¢Fs)s/binary silane systems®
Entry Silane Si/Ni T (min) Yield (g) AP M,° (g mol™) My/M,,° T? (°C) X2 (%)
1 Et;SiH 3000

Ph,SiH, 50 5 2.370 1900 21 800 2.5 64 13
2 Et;SiH 3000

Ph,SiH, 3000 30 0.204 30 1100 1.5 71 28

“Polymerization conditions: [1] = 0.1 mM; solvent CH,Cl,; temperature 25 °C; pressure 3 bar; B/Ni = 3; total volume 50 mL; rpm 800. by = kgpe
(moly; h bar)™*. ¢ Determined by HT-SEC. ¢ Determined by DSC from the second heat.

to the Et;SiH system (3180 kgpg (moly; h bar)™). Further
increasing the Ph,SiH, amount to an equimolar ratio with
Et;SiH (total Si/Ni 6000, entry 2, Table 3) led to an activity col-
lapse to an about 2-orders lower value of 30 kgpg (moly; h
bar)™'. After isolation of the polymer, the polymerization
mixture (entry 2) was concentrated and analyzed by GC-MS
(Fig. S3t). No ethylene oligomers (either Si-modified or not),
products of hydrosilane dehydrocoupling or products of ethyl-
ene hydrosilylation/dehydrogenative silylation were detected.

Polymer characterization

Obtained polymers were analyzed by high-temperature size
exclusion chromatography (HT-SEC), DCS, and IR (ATR) and
selected ones were analyzed by NMR spectroscopy (results are
summarized in Tables 1-4). The polymer properties depended
particularly on the hydrosilane nature and the Si/Ni ratio used
for the activation.

The polymers produced from tertiary silane activation were
obtained as elastomeric materials with low melting points and
low crystallinity. "H NMR of selected examples showed a
branched structure (70 and 60 branches per 1000C) typical of
Brookhart’s catalyst.?

In addition, '"H NMR and FT-IR spectroscopy confirmed the
presence of a saturated chain end, although a trace amount
(<1%) of olefinic chain ends was also detected (see Fig. S4 and
S6 in the ESIf). Et;SiH efficiently terminated the polymer
growth, whereas the Si/Ni ratio controlled the M, of the pro-
duced polymers. Steadily increasing the Si/Ni ratio from 10 to
6000 decreased the M, from 177 500 to 22 900 Da. The pres-
ence of a saturated chain end raised suspicion about the ter-
mination of the polymer chain with H, generated by Et;SiH
dehydrocoupling. However, we were unable to detect any disi-
lane Et;SiSiEt; in the polymerization mixture despite several
attempts. Therefore, this pathway could be excluded and
further investigation is necessary. Notably, the utilization of
Et;SiH for the modulation of the M,, of the produced PEs (to
ca. half at Si/Ni 2000) during nickel diimine derivatives/MAO
system catalysis was already patented.”® In addition, the clea-
vage of Pd'-polymeryl bonds with Et;SiH was used for the
precise generation of saturated-end polymers by Brookhart.'”
Therefore, we suggest that tertiary silanes acted as chain ter-
mination agents, controlling the M,, of the produced br-PE in
the 1/SiHB system.

The polymers formed from systems utilizing Ph,SiH, and
PhSiH; showed higher melting points and crystallinity in com-

This journal is © The Royal Society of Chemistry 2024

parison to the ones prepared with Et;SiH. This reflects their
lower branch content (37-45 branches per 1000C), whereas a
similar relationship was mentioned for branched polyolefins.>”
We suggest that lower branching may be connected with
enhanced formation of Ni(1) species upon activation of 1 with
Ph,SiH, and PhSiH; as shown by EPR experiments (see the
section "Activation study using EPR spectroscopy”). Similarly,
about 30% decrease in branching was observed when the Ni(u)
diimine precatalyst was reduced to Ni(i) species with CoCp,
prior to MAO activation.?®

Polyolefin M, values were negatively affected by an increas-
ing Si/Ni ratio, too. The highest M, values were obtained at
lowest Si/Ni = 10 (163 100 Da for Ph,SiH, - entry 1 in Table 3;
48100 Da for PhSiH; - entry 6 in Table 3) and the lowest M,
values were obtained at the highest Si/Ni ratio (i.e. 1200 Da for
Ph,SiH,/Ni = 3000 - entry 5 in Table 3; 1900 Da for PhSiH;/Ni
=100 - entry 8 in Table 3). Unlike Et;SiH (and other tertiary
hydrosilanes), Ph,SiH, and PhSiH; acted as CTAs and gener-
ated end-functionalized PEs having a considerable amount of
polymer chains (11-67 mol%) terminated with the silyl func-
tionality. Moreover, the dependence of polyethylene M;, on the
reciprocal diphenylsilane concentration is practically linear
and indicates that Ph,SiH, is an effective CTA under the given
conditions (Fig. 1). The presence of terminal -SiPh,H (Fig. 2)
and -SiPhH, (Fig. S5 in ESI{) was unequivocally proved by 'H
NMR and ATR spectroscopy.

The properties of the polymers generated from binary
Et;SiH/Ph,SiH, systems were significantly affected by the pres-
ence of Ph,SiH,. The polymer number average molecular

18

16 y=0,0164x- 0,0841
R®=0,9997

14

12

10

Mn x 104

0 200 400 600 800 1000 1200

1/[Ph,SiH,] (M)

Fig. 1 The dependence of the polymer M,, (entries 1-5 in Table 3) on 1/
[Ph,SiH,].
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Fig. 2 *H NMR spectrum of br-PE-SiPh,H (entry 5 in Table 3) recorded at 100 °C in toluene-ds. (*) denotes the residual proton signals of the
solvent. The inset spectrum indicates a trace amount of internal double bonds in the polymer (multiplet centered at 5.41 ppm).

weight (M,,) was reduced to one half in comparison to that pro-
duced with sole Et;SiH (21800 Da for entry 1 in Table 4 vs.
47 500 Da for entry 6 in Table 2) even at a low Ph,SiH, content
(Et3SiH/Ph,SiH, ratio of 60). At an equimolar hydrosilane
ratio, the M,, of the prepared polymer was very similar to the
one prepared with sole Ph,SiH, (1100 Da for entry 2 in Table 4
vs. 1200 Da for entry 5 in Table 3). In addition, the polymer is
terminated with -SiPh,H similar to what was found for poly-
mers prepared with sole Ph,SiH, (for IR spectra of the poly-
mers, see Fig. S7 in the ESI{).

Mechanistic NMR experiments

The paramagnetic nature of 1 hampered the detailed investi-
gation of catalytic species using NMR spectroscopy; however, it
gives some information about other components of the catalytic
system (hydrosilane, B(C¢Fs)s, olefin). In a series of experiments,
we investigated the reactions of 1/B(CeFs)s/hydrosilane in the
presence/absence of 1-hexene in either CD,Cl, or toluene-ds.

The addition of excess 1-hexene to a mixture of 1/B(C¢Fs)s/
10 eq. Et3SiH in CD,Cl, led to an instant 1-hexene polymeriz-
ation. The "H NMR spectrum of the mixture, recorded immedi-
ately after sample preparation, showed only polymeric material
(its formation was also supported by *C{"H} NMR), while no
1-hexene was detected at all (Fig. S8 in ESIf). In addition to
Et3SiH (5s; = —0.4), the formation of Et;SiCl was detected in
?9Si NMR spectra (J; = 36.6). "'B and "F NMR spectra showed
a mixture of B(CeFs); and [HB(CeFs)s]~, while broad signals in
'°F NMR indicated a dynamic exchange between the species.

The analogous reaction in the absence of 1-hexene showed
also the formation of Et;SiCl and [HB(CeFs);]” as deduced
from multinuclear NMR. However, we also observed the for-
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mation of Et;SiF (Fig. S9 in the ESI,T doublet at Jg; = 32.9 ppm,
Sp = —176.0 ppm), which supported the generation of strongly
electrophilic species (as B(C¢Fs); and [HB(C¢F5)3]™ are the only
sources of fluoride). Notably, the EPR spectroscopy of the
sample showed the presence of Ni(i) species (for details, see
below). Aging of the sample led to the gradual replacement of
the Et3SiH signals with Et;SiCl signals (completed within 7
days) and the formation of CD,CIH and CD,H, (Fig. S10 in the
ESI}) from CD,Cl,. This implies the potency of the 1/B(CFs)s/
hydrosilane system for dehalogenation catalysis, similar to
what was published for the group 4 complexes/B(CgFs5)s/hydro-
silane system.*”

The polymerization of 1-hexene (using the 1/B(C¢Fs5)s/10 eq.
Et;SiH system) in toluene-dg in a sealed NMR tube proceeded
only sluggishly in comparison to that conducted in CD,Cl,. "H
NMR showed only 5% of polyolefin after 4 days, while full con-
version was obtained after 2 months (Fig. 3). The *°Si{'H}
NMR spectrum acquired after 2 months showed Et;SiCl (s; =
35.3 ppm) and unreacted Et;SiH (5s; = —0.1 ppm) (Fig. S11 in
ESI}) as the only silicone species. This excludes many pro-
cesses potentially taking place with the system (e.g. 1-hexene
hydrosilylation, Et;SiH dehydrocoupling, etc.). The '"H NMR
spectrum (Fig. 3c) showed the presence of internal double
bonds (multiplet 5.34-5.44); however, the signals consist of
mixture of 2- and 3-hexenes as supported by “C{'H} (Fig. S12
in ESIf) and 2D NMR experiments. The isolated polyolefin
lacks any considerable olefinic signals either in "H (Fig. 3d) or
Bc{'H} (Fig. S12 in ESI{) NMR spectra. This supports our
assumption that f-H elimination is not a significant chain ter-
mination process with the catalytic system using 1/B(CeFs)s/
tertiary hydrosilane.

This journal is © The Royal Society of Chemistry 2024
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Activation study using EPR spectroscopy

The utilization of a high Si/Ni ratio for the activation of 1 led
to a lower or no system activity, while the effect of excessive
silane inhibition was increased in the order Et;SiH < Ph,SiH,
< PhSiH;. This could be rationalized either as a competitive
coordination of excessive silane to an active center or
reduction of Ni(u) species to inactive/dormant Ni(1) ones.

The formation of Ni(1) species during the activation of
nickel a-diimine complexes with aluminium activators (like
MAO, MMAO and alkylaluminium species) has been repeatedly
mentioned in the literature.>"** To follow and understand the
SiHB activation processes associated with the oxidation state
changes of the nickel center, EPR experiments using three
hydrosilanes were performed. The detailed experimental setup
and conditions are described in the ESIL.{

The equimolar mixture of 1 and B(C¢F5); was found to be
EPR silent for more than 40 min. However, after the addition
of 10 equivalents of any of the studied hydrosilanes (Et;SiH,
Ph,SiH,, and PhSiH;), we observed the formation of two
signals in the EPR spectrum within a few minutes: a broad
singlet signal (AH = 40 G) at g = 2.132 and a 7-lined signal at g
value 2.001 with hyperfine splitting a = 5.1 G (Fig. 4A). The for-
mation of a Ni(1) species in the presence of a SiHB system is
proposed to be responsible for the first signal, while an

This journal is © The Royal Society of Chemistry 2024

organic radical positioned at the BIAN anion could be respon-
sible for the second signal (for detailed discussion, see the
ESI}). The intensity of the organic radical is not significantly
affected by the nature of the hydrosilane; therefore, we suggest
that the species is not involved in a catalytic cycle. On the
other hand, the intensity of the Ni(i) species is significantly
affected by the nature of the hydrosilane and increased in the
order Et;SiH < Ph,SiH, < PhSiH;. Cooling the samples to
123 K (toluene glass) led to an anisotropic EPR spectrum with
axial symmetry exhibiting resonances with two g-values: g =
2.233 and g, = 2.070 (Fig. 4B). The Ni(i) species with the same
EPR parameters (giso = 2.132, g = 2.234, g, = 2.070) were men-
tioned in the literature as products of AlMe; activation (Ni/Al =
1/100) of [(k,-N,N-BIAN)NiBr,] - a bromide analogue of 1,
where the authors suggested the formation of heterobinuclear
Ni(1) species having two bridging methyl groups [(k,-N,N-BIAN)
Ni(1)(p-Me),AlMe,].>°?" In the present case, the absence of
aluminum compounds and the presence of borane B(CgFs)s
and hydrosilane in the SiHB activation system led us to
suggest the possible structure of the observed Ni(i) species as a
cationic Ni(1) complex (Chart 3) accompanied by a hydridobo-
rate anion, where S denotes any coordinating species (solvent,
hydrosilane, chlorosilane, or hydridoborate). The presence of a
neutral monochloride or monohydride complex is less likely
due to the formation of a dimeric structure, which was

Dalton Trans., 2024, 53, 5249-5257 | 5255
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Chart 3 Proposed structure of the Ni(l) species generated during the
activation of 1 with the SiHB system.

reported in the literature***® The absence of Ni-alkyl or Ni-H
bonds in the proposed Ni(i) species precludes an olefin inser-
tion; therefore, it could not be reactivated as was mentioned
for the [(k,-N,N-BIAN)Ni(1)(p-Me),AlMe,] species.
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To verify the inertness of the Ni(i) species, 1-hexene was
added to the mixture 1/B(C¢F5)3/10 eq. Et;SiH; however, no
change of the Ni(1) EPR signal was registered within several
days (see Fig. S13 in the ESI}). This is in agreement with the
fact that the “naked” cationic species are catalytically inactive
for ethylene polymerization, as reported by Gao.** It should be
mentioned that poly(1-hexene) was isolated from the mixture
after 5 days, which supports the presence of an active species
(the EPR silent one) in the mixture. These observations led us
to the conclusion that the Ni(i) species formed during the acti-
vation of 1 with the SiHB system is catalytically inactive rather
than a “dormant” one.

In the next step, we followed the Ni(1) signal intensity time
evolution in 1/B(CeF5)3/10 eq. hydrosilane (for Et;SiH,
Ph,SiH,, PhSiH;) systems at standard 1 concentration. The
results (Fig. 5) supported the increasing reducing ability of the
SiHB system in the order Et;SiH < Ph,SiH, < PhSiH;. The
maximum Ni() level was reached with PhSiH; after
35 minutes, while other hydrosilanes did not reach a plateau.

It should be mentioned that the positive effect of Ni(i)
species on lowering the branching of PE was recently men-
tioned by Roy.*® As the lower branching content in PEs pre-
pared by Ph,SiH, and PhSiH; was observed during our
studies, a further detailed EPR investigation involving second-
ary and primary hydrosilanes is necessary.

Conclusion

We have extended the applicability of the SiHB system as an
alternative (aluminium-free) activator for late transition metal
complexes using Brookhart’s nickel a-diimine derivative 1.
This system is capable of generating catalytically active species
for ethylene polymerization with activities comparable to the
1/MAO system. The catalytic activity is controlled by the nature
of hydrosilane (the activity decreases in the order tertiary
silane > Ph,SiH, > PhSiH;) and the Si/Ni ratio. Based on EPR

This journal is © The Royal Society of Chemistry 2024
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experiments, we propose that the decrease in activity could be
associated with the increasing formation of inactive Ni(1)
species. The M, of the generated medium to highly branched
PEs could be efficiently modulated by the nature of hydrosi-
lane and the Si/Ni ratio, which demonstrated the chain trans-
fer ability of all hydrosilanes used. However, we have found
differences in the chain transfer process depending on the
hydrosilane used. The utilization of tertiary hydrosilanes led to
PEs with saturated chain-ends, while using Ph,SiH, and
PhSiH; generated end-functionalized br-PEs terminated with
the hydrosilyl functionality.

Consequently, this is the first example of end-functiona-
lized br-PEs prepared with Brookhart-type nickel catalysts. The
presence of the reactive hydrosilane functionality at the
polymer chain-end is particularly attractive as it allows post-
modification of the polymer (e.g. oxidation to silanol function)
and its grafting with other materials.

In addition to olefin polymerization, the 1/SiHB system
could find applications in hydrodehalogenation, as observed
during our NMR experiments. Further investigations of the
mechanism of activation, active species deactivation, and
polymer chain transfer to hydrosilanes are in progress.
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