Electronic Supplementary Material (ESI) for Dalton Transactions.
This journal is © The Royal Society of Chemistry 2016

Supporting Information

Hydrosilane-B(C¢F5); adducts as activators in zirconocene catalyzed
ethylene polymerization

Vojtech Varga, Martin Lamac, Michal Horacek, Robert Gyepes, and Jifi Pinkas*

J. Heyrovsky Institute of Physical Chemistry, The Czech Academy of Sciences, v.v.i.,
Dolejskova 3, 182 23 Prague 8, Czech Republic

* corresponding author e-mail: jiri.pinkas@jh-inst.cas.cz

Content: Page
1. Experimental S2
2. NMR data for starting materials and common products S4
3. NMR experiments (in combination with polymerization) S4
4. Polymerization results S10
5. Figures, graphs, and NMR spectra S13
6. Results of DFT studies S30
7. Cartesian coordinates S32
8. References S35

S1



1. Experimental

1.1. General Considerations.

Manipulations of air sensitive compounds were carried out under argon atmosphere
using standard Schlenk techniques or under nitrogen atmosphere using an mBraun Labmaster
glove-box. For the attempted isolation of cationic species, all-glass devices equipped with
breakable seals were used. Unless stated otherwise, 'H (300.0 MHz), 3C (75.4 MHz), ''B
(96.3 MHz), °F (282.2 MHz) and ?°Si (59.6 MHz) NMR spectra were measured on a Varian
Mercury 300 spectrometer at 25 °C. 'H and '3C chemical shifts (8/ppm) are given relative to
solvent signals (8u/0c: toluene-dg 2.08 (CD,H)/137.48 (Cipso); CeDsBr 7.30(CHorno)/122.61
(Cipso); CDCl3 7.26/77.16). B, YF, Si NMR spectra were referenced to an external
reference ('°F NMR to C4HsCF3 at —63.72 ppm; 2°Si NMR to SiMe, at 0.00 ppm; "B NMR to
BF;-Et;,0 at 0.00 ppm). GC-MS analyses was performed with a Thermo Focus DSQ
instrument using a capillary column Thermo TR-5MS (15 m x 0.25 mm ID x 0.25 mm).
Electrospray mass spectra (ESI-MS) were measured with a Bruker Esquire 3000 instrument
on dichloromethane/acetonitrile solutions.

1.1. Chemicals

L1qu1d silanes (Et3SlH, PhM6281H, l-PI'3SlH, EtleHz, thSle, PhMCSIHz, PhSlH3)
were obtained either form Aldrich or Across and dried by refluxing over LiAIH,, distilled
under argon and stored over 3A molecular sieve. PMHS (poly(methylhydrosiloxane) was
obtained from Aldrich, degassed in vacuum for 12 h and stored over 3A molecular sieve.
Ph;SiH and DSiEt; (97 atom % D) were obtained form Aldrich and used as received.
B(C¢Fs); and [Ph3C][B(C¢Fs)4]” were obtained from Strem and used as received. [Cp*,ZrF,]
and [(+-Bu);PH]'[HB(C¢F5);]~ were prepared according to literature procedures.!'-?

1.2. Computational details.

DFT studies were carried out on the bose cluster at the J. Heyrovsky Institute of Physical
Chemistry, v.v.i. using Gaussian 09.3 Geometry optimizations employed the M06 functional,
the 6-311G(d,p) basis set for all atoms with the exception of the zirconium atoms for which
the SDD pseudopotential was used. The Hessian needed for the optimization was computed
analytically prior the first step of the optimization procedure. Solvent effects were accounted
for by using the Polarizable Continuum Model and assuming toluene as solvent. Numerical
integration was done on a pruned grid having 99 radial shells each of 590 angular points.
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1.3. Ethylene polymerization

1.3.1. without preactivation

The polymerization experiments were performed in a semibatch-mode using a 250 mL
Biichi glass double-jacketed autoclave equipped with a magnetic stirrer (at 800 rpm). The hot
autoclave was three times evacuated and filled with argon, and finally tempered at desired
temperature. Under argon atmosphere, the autoclave was charged successively with toluene,
particular silane (15 mmol), and B(C¢Fs); (15 umol, toluene stock solution) and the resulting
mixture was stirred for 30 min. Argon was vented and the autoclave was pressurized with
ethylene to desired pressure (3 bar) and maintained at this pressure for 10 min. Ethylene was
partially released (to a pressure ca. 1.1—1.5 bar), while the polymerization was started by
injecting of the desired amount of catalyst precursor in toluene (particular zirconocene
dihalide 15 pmol) under a stream of ethylene and the autoclave was immediately pressurized
to 3 bar. Final volume of polymerization solution was 50 mL in all experiments. The
autoclave temperature was kept constant during the reaction by using the external Pt100
sensor connected to Julabo F31-C bath. The consumption of ethylene was followed in each
experiment through a calibrated mass flow meter (Bronkhorst, EL-FLOW) which was
controlled by a Bronkhorst High-Tech modular digital readout and control system. After the
appropriate time, the reactor was vented and the polymerization was quenched with 80 mL of
ethanol. The precipitated polyethylene was stirred for 1 h, collected on a glass frit, rinsed
repeatedly with ethanol and acetone, and dried in vacuum to constant weight. Results are
summarized in Tables S1 and S2

1.3.2. with preactivation in C¢DsBr (combination of NMR experiments with polymerization
experiments)

The polymer reactor was settled as above and filled with 50 mL of toluene and argon
atmosphere was replaced with ethylene. In another Schlenk tube, a reaction mixture
comprising particular components (details in experiments below and Table S3) was prepared.
A part of the mixture was sealed into a NMR tube and from the rest a volume corresponding
to 15 umol of Zr was taken by Hamilton syringe and directly injected into the autoclave under
a stream of ethylene. The autoclave was pressurized with ethylene and the polymerization
followed as above. Detailed description of the particular experiments can be found in sections
3.3.-3.6. and the results are summarized in Table S3.

1.3.3. Polyethylene (PE) analysis.

SEC data were measured on a PL GPC 220 high-temperature chromatograph
equipped with PL-220DRI and VISKOTEL 220R detectors. Samples concentration was
1.0 mg-mL"! and all samples were filtered (0.45 um filter) prior to injection. Separation
was performed at 160 °C on a set of three PL gel columns (10um MIXED-B, 300 x 7.5
mm) in 1,2,4-trichlorobenzene (Scharlau) stabilized by 0.025% of Santonox R at flow rate
1 mL-min"!. Polyethylene molecular weights and distributions were evaluated on the basis
of PS calibration (16 standards; 1080—13 155 000) and corrected using universal
calibration method (Viscotek TriSEC software). All the results are averages of two
measurements. Thermal behavior of PE was investigated by DSC (TA Instruments Q100)
with both heating and cooling rate 10 °C.min"!' under nitrogen (50 cm3.min!). Melting
temperatures and heats of fusion were obtained from second heating run.
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2. NMR data for starting materials and common products

[Cp*,ZrFy]: 'H NMR (C4DsBr): 1.83 (s, 30H, CsMes). 19F NMR (C¢DsBr): 26.8 (s, 2F,
ZrF,). '"H NMR (toluene-ds): 1.82 (s, 30H, CsMes). BC{'H} NMR (toluene-dg): 10.4 (CsMes);
121.0 (CsMes). '°F NMR (toluene-dg): 26.8 (s, 2F, ZrF).

[Cp*,ZrCly]: '"H NMR (CDCL): 1.99 (s, 30H, CsMes). *C{H} NMR (CDCls): 12.10
(CsMes); 123.80 (CsMes). 'H NMR (toluene-ds): 1.83 (s, 30H, CsMes). 3C{'H! NMR
(toluene-dy): 11.98 (CsMes); 123.32 (CsMes).

Et;SiF: '"H NMR (C¢DsBr): 0.54-0.63 (m, 6H, SiCH,Me); 0.89-0.96 (m, 9H, SiCH,Me).
BC{'H} NMR (C¢DsBr): 5.3 (d, 2Jcr = 14.0 Hz, SiCH,Me); 6.6 (d, *Jor = 2.0 Hz, SiCH,Me).
19F NMR (C¢DsBr): —175.0 (sept, 3Jur = 6.2 Hz, FSiEt;). 'H NMR (CDCl3): 0.62-0.74 (m,
6H, SiCH,Me); 1.00 (t, 3Jun = 7.9Hz, 18H, CH,Me). '9F NMR (CDCls): ~176.3 (sept, Jur =
6.5 Hz, FSiEts). 2Si NMR(CDCls): 33.2 (d, Jis; = 288 Hz, FSiEts).

B(C6F5)3I I'B NMR (C6D5BI')Z 60 (bI' S, lB, B(C6F5)3) 19F NMR (C6D5BI', 282 MHZ)Z —160.9
(m, 6H, meta-F); —143.5 (m, 3H, para-F); —128.9 (m, 6H, ortho-F).

[B(CgFs)g]~: "B NMR (C¢DsBr): —16.3 (s, B(CsFs)s). '°F NMR (C¢DsBr, 282 MHz): —166.1
(s, 6F, m-CgFs); —162.2 (s, 3F, p-CFs); —132.4 (s, 6F, 0-C4Fs).

3. NMR experiments

3.1. Reaction of [Cp*,ZrCl,] with HSiEt; and B(C¢Fs); (in a 1/10/1 ratio) in toluene-dg

To a suspension of [Cp*,ZrCl,] (13 mg, 30 umol) and B(C¢Fs); (15 mg, 30 umol) in
toluene-ds (0.75 mL) was added an excess of Et;SiH (48 pL, 300 pmol), which caused a
mixture color change from slightly yellow to intense yellow. The mixture was stirred for 20
min and then transferred into NMR tube. The tube was degassed, sealed by flame and
analyzed by NMR spectroscopy.
'"H NMR spectrum (Fig. S6) showed only a small peak at 1.70 ppm as the only product, in
addition to starting materials. '°F NMR spectrum (Fig. S7) showed very broad (100 - 170 Hz)
signals at —129.2, —142.4 and —160.6 ppm — positions typical for B(C¢F5s)s. It should be noted
that a mixture of HSiEt; and B(C4Fs); in 10/1 ratio showed very narrow well resolved signals
of B(CgFs); in 'F NMR spectrum (Fig. S8) as a result of water impurity dehydrogenative
silylation.* Therefore, the broadening of B(C4Fs); signals in 'F NMR spectrum was
tentatively assigned to generation of a small amount of [HB(CgF5);]- anion, which remained in
equilibrium with B(CgFs); and [(Cg¢Fs);B-u-H-B(CgFs);]- as described in literature.> The peak
at 1.70 ppm in 'H NMR probably corresponds to the cationic [Cp*,ZrCI(CISiEt;-kC/)]*
analogously to [1].
Opening the NMR tube under argon, followed by replacing argon with ethylene led to an
immediate formation of solid PE and heat evolution.
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3.2 Generation of [1] and [2][HB(C¢Fs)3]™ in toluene-ds

& g F. §X
£ HSiEt + BCFy), ,@i E-Si\, /@, Tz
Zr\ ] toluene-d, 7%, 7 + ~F
F s g Zr\F
[HB(CoF )1 ﬁ

[11HB(C4F;),I [2][HB(C4F,),1

Scheme S1

To a solid mixture of [Cp*,ZrF;] (60 mg, 150 umol) and B(C¢F5); (77 mg, 150 pmol)
was added toluene-dg (0.75 mL), followed by addition of Et;SiH (48 pL, 300 umol) by
Hamilton microsyringe. A yellow oil separated on the bottom of the reaction flask within
several minutes. The mixture was stirred for additional 5 min and then stirring was stopped.
The upper colorless phase was separated by syringe and checked by NMR spectroscopy. 'H
revealed presence of unreacted Et;SiH and free Et;SiF (in ca 2:1 ratio), while ’F NMR
revealed mainly free Et;SiF, B(C¢Fs)s, residual [Cp*,ZrF,] and some unidentified species.
The lower yellow oily phase was washed with toluene-dg (0.5 mL) and transferred to a
capillary (prepared from Pasteur pipette - see Fig. S9) under argon. The capillary was sealed
by flame, inserted into a 5 mm NMR tube, surrounded by toluene-dg and investigated by a
NMR spectroscopy (see Figs. S10—S13). The NMR showed the presence of [1][HB(C¢Fs);]~
and [2][HB(C¢Fs)3]™ in 74/26 ratio. After collecting all spectra, the NMR tube was opened in
vacuum and the volatiles were evaporated in vacuum.

The reaction was also conducted in toluene or neat HSiEt; at ratios Zr/Si/B = 1/1/1,
1/4/1, 1/22 (i.e. in neat Et;SiH)/1, which resulted in product mixtures containing [1]/[2] in
ratios 30/70, 88/12, 80/20. A comparison of 'F NMR spectra of product mixture for different
Z1/Si/B is depicted in Fig. S14.

Data for [1]
L FSTTN

'S,
<

'"H NMR (external toluene-dg, 300 MHz): 0.50 (q, 3Jun = 7.5 Hz, 6H, SiCH,Me); 0.64 (t, 3Jun
= 7.5 Hz, 9H, SiCH,Me); 1.44 (br s, 30H, CsMes); 4.1 (br s, 1H, HB(CgFs)3). *C{'H} NMR
(external toluene-ds, 75 MHz): 5.4(d, 3Jcr = 2.9 Hz, SiCH,Me); 5.8 (d, 2Jcr = 13.2 Hz,
SiCH,Me); 10.4 (br s, CsMes); CsMes not found. '°F (external toluene-dg, 282 MHz): —181.3
(s, 1F, ZrFSi); 107.9 (br s, 1F, ZrF). We were not able to detect any signal of coordinated
FSiEt; in 2°Si NMR spectroscopy (for spectrum see Fig. S15.)

Data for [2]
—| .
=

'"H NMR (external toluene-dg, 300 MHz): 1.48 (br s, 60H, CsMes). *C{!H} NMR (external
toluene-dg, 75 MHz): 11.0 (br s, CsMes); 126.4 (br s, CsMes). '°F (external toluene-dg, 282
MHz): —109.3 (s, 1F, ZrFZr); 86.8 (s, 2F, ZrF).
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Data for [HB(C¢Fs);]~ anion:

'"H NMR (toluene-dg): 4.15 (br s, 1H, HB). !'B (toluene-dg): —24 (br s). '’F NMR (toluene-dg,
282 MHz): —167.3 (s, 6F, m-C¢Fs); —164.3 (s, 3F, p-C¢Fs); —133.0 (d, 3Jgr = 19.7 Hz, 6F, o-
CeF’s);

3.3. Generation of [1]—[3][HB(C¢Fs);] in haloaromatic solvents

;1 ‘ i -4
HSIEt, 4+ B(C4Fs) & ~Si—\ 2 ,d‘ BrC4D
WF 3 shs Z+,/F > + ,é": ﬁ/ + L 65

r

\F c D4Br e Zr'\F e
[HB(CgFs5)sI ﬁ [HB(CgF)al ﬁ [HB(CgFs)sl

[11HB(CGF)I [2][HB(C¢F ), [3IHB(CF;),I

Scheme S2

+ FSiEt,
+ Cp*,ZrF, + CeD;Br
+FSiEt,
for all
% [HB(C4Fs)sl
,& BrCDy
+ CgD4Br W
"¢

ﬁ + Cp*2rF,

2] 3]
Scheme S3 Proposed equilibrium of 1-3.

3.3.1. Reaction of [Cp*,ZrF;] with HSiEt; and B(C¢Fs); in a 1/1/1 ratio in C¢DsBr

To a solution of [Cp*,ZrF;] (55 mg, 138 pumol) and B(Cg¢Fs); (70 mg, 137 pumol) in
C¢DsBr (1.00 mL), was added Et;SiH (22 pL, 138 umol) by Hamilton microsyringe, which
caused an immediate color change from slightly to intense yellow. The mixture was stirred for
5 min and then a part (0.7 mL) of the resulting intense yellow solution was sealed into NMR
tube and multinuclear NMR (Figs. S16-18) was acquired showing a ratio [1]/[2]/[3] = 76/5/19
at =30 °C (Fig. S16). In addition to [1]—[3] a small amount (ca 10 mol%) of unreacted HSiEt;
was detected. ESI-MS spectrum of the mixture showed a peak at m/z 660 of unknown
composition in positive mode and a peak at m/z 529 (most probably corresponding to
[HOB(Cg4Fs)s]™ as a product of hydrolysis) in negative mode.
POLYMERIZATION: 110 pL (which corresponds to 15 pmol of Zr) of the residual solution
was directly injected into a polymerization autoclave filled with toluene (50 mL). The
polymerization was conducted under 3 bars of ethylene at 25 °C for 30 s. After workup
described above, 1.234 g of polyethylene was obtained (system activity A = 3290 kgpg
(molz.h.bar)™).

3.3.2. Reaction of [Cp*,ZrF;] with HSiEt; and B(C¢Fs); in a 2/1/1 ratio in C¢DsBr

The experiment was conducted similarly as described in above in section 3.3.1. using
[Cp*,ZrF;] (68 mg, 170 pumol), B(C¢Fs); (43 mg, 84 umol), HSiEt; (13 pL, 85 pmol) and
CeDsBr (1 mL). Analysis of the solution (0.7 mL of total volume) by '°’F NMR spectroscopy
(Fig. S19) revealed [1]/]2]/[3]/Cp*,ZrF; in a 15/35/3/47 ratio.
POLYMERIZATION: 180 pL (which corresponds to 30 pmol of Zr and 15 pumol of B) of the
solution was directly injected into a polymerization autoclave filled with toluene (50 mL).
The polymerization was conducted under 3 bars of ethylene at 25 °C for 30 s. After workup
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described above, 1.156 g of polyethylene was obtained (system activity A = 1540 kgpg
(molz.h.bar)™1).

3.3.3. Reaction of [Cp*,ZrF,] with HSiEt; and B(C¢Fs); in PhCl (preparative scale)

To a solution of [Cp*,ZrF,] (165 mg, 414 umol) and B(C¢Fs); (212 mg, 414 pmol) in
chlorobenzene (6 mL) was added Et;SiH (70 pL, 442 umol). The mixture was stirred for 25
min and then an aliquot (220 pL, 15 umol Zr) was taken and injected into a polymerization
autoclave to induce polymerization (see below). The residual reaction mixture was transferred
under argon into a glass apparatus equipped with a J. Young valve and breakable seals. The
mixture was degassed and J. Young valve was sealed off by flame. Attempted crystallization
of the mixture by slow solvent evaporation led repeatedly to oily products. Isolation of the oil
by decantation, followed by volatiles evaporation gave a yellow foam. Its analysis by NMR
showed the presence of several unidentified zirconocene species, probably decomposition
products.

POLYMERIZATION: 220 pL (15 pmol Zr) of the reaction mixture was injected into the
autoclave. After workup, 1.078 g of polyethylene was obtained (system activity A = 2880
kng (moer.h.bar)‘l).

3.3.4. NMR data

Data for [1]: 'TH NMR (C¢DsBr): 0.59-0.72 (m, 6H, SiCH,Me); 0.89 (t, 3Jyy = 7.5 Hz, 9H,
SiCH,Me); 1.65 (br s, 30H, CsMes). BC{'H} NMR (C¢DsBr): 5.80 (d, 2Jcr = 13.4 Hz,
SiCH,Me); 6.26 (d, 3Jcr = 1.9 Hz, SiCH,Me); 11.04 (br, CsMes); 127.85 (CsMes). '°F
(C¢DsBr, =30 °C): —182.6 (s, 1F, ZrFSi); 105.1 (s, 1F, ZrF).

Data for [2]: 'TH NMR (C¢D;sBr): 1.65 (br s, 30H, CsMes) '°F (C¢DsBr, —30 °C): —107.2 (s, 1F,
ZrFZr); 84.2 (s, 2F, ZrF).

Data for [3]: 'TH NMR (C¢DsBr): 1.65 (br s, 30H, CsMes) '°F (C¢DsBr, —30 °C): 124.3 (s, IF,
ZrF).

Data for [HB(C¢Fs)3]™: '"H NMR (C4DsBr, 25 °C): 4.34 (br s, 1H, HB). ''B (C¢D;sBr, 25 °C):
—24 (br s). 19F NMR (C¢DsBr, —25 °C): —166.4 (m, 6F, m-CeFs); —163.5 (m, 3F, p-CFs);
~132.8 (d, 3Jpp = 20.9 Hz, 6F, 0-CeFs);

3.4. Trapping of [Cp*,ZrF]* species with THF (formation of [4][HB(C¢Fs);]7)

1. HSIEt, + B(C4F,) ,@ O [Cp*,ZrF,] FSiEty
F 2 excess THF
Zr

( E ~r ~ cosr ﬁ[HB(CF)] (CeFs)sB . THF

[4][HB(C4F;),

Scheme S4

A mixture of [1]—[3] was generated as described above from Cp*,ZrF, (51 mg, 128
umol), B(C¢Fs); (65 mg, 127 umol), and HSiEt; (20 pL, 128 pmol) in C¢DsBr (1 mL). An
excess of THF (20 mg, 278 umol) was added and the mixture was stirred for 5 min. A sample
(0.55 mL) was transferred into a NMR tube and the tube was partly degassed and sealed by
flame. Multinuclear NMR spectroscopy (Figs. S20—23) revealed formation of [4] (NMR yield
36% ), in addition to FSiEt; (NMR vyield 20 %), Cp*,ZrF, (NMR yield 24%), and
B(C¢Fs5);:(THF) adduct (NMR yield 20%). ESI-MS spectrum of the mixture showed an
identical characteristic as mentioned in section 3.3.1.
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POLYMERIZATION: 117 pL (which corresponds to 15 pmol of Zr) of the residual solution
was directly injected into a polymerization autoclave filled with toluene (50 mL). The
polymerization was conducted under 3 bars of ethylene at 25 °C for 30 min. However, the
flowmeter did not show any sign of ethylene consumption and no polymer was obtained after
addition of methanol. System activity A = 0 kgpg (molz,.h.bar)™").

Data for [4]:
g o

Zr";F

'H NMR (C¢DsBr, —30 °C): 1.26-1.41 (m, 2H, OCH,CH,, THF); 1.43—1.56 partly
overlapped (m, 2H, OCH,CH,, THF); 1.57 (s, 30H, CsMes); 3.23—-3.33 (m, 2H, OCH,CH,,
THF); 3.65-3.73 (m, 2H, OCH,CH,, THF). 3C{'H} NMR (C¢D;Br, =30 °C): 10.83 (CsMes);
19.66, 35.49 (OCH,CH,); 62.61, 73.32 (OCH,CH,); 126.35 (CsMes). 'F NMR (C¢DsBr, —30
°C): 108.6 (s, 1F, ZrF).

The signals for coordinated THF showed a fluxional behavior in 'TH NMR spectroscopy upon
heating, probably as a result of increased rate of rotation of THF (as could be seen for OCH,
group in Fig. S20)

data for [HB(C¢Fs)3]™

"H NMR (CgDsBr, =30 °C): 4.3 (br s, 1H, HB). '°F NMR (C¢DsBr, —30 °C): —166.4 (m, 6F,
m-CgFs); —163.4 (t, 3Jgr= 21.3 Hz, 3F, p-C¢Fs); —133.0 (d, 3Jpr= 20.5 Hz, 6F, 0-C¢Fs). ''B
(C¢DsBr): =25 (br d, 'Jgy ~ 81 Hz, 1B, HB).

data for B(C¢Fs);:(THF) adduct: for NMR data of B(C¢F5);-(THF) adduct in either C¢Dg or
CD,Cl, solutions see ref.6”7

9F NMR (CgDsBr, =30 °C): —162.5 (m, 6F, m-CgF’s); —155.1 (m, 3F, p-C¢Fs); —133.2 (d, 3Jgr
=20.5 Hz, 6F, 0-C¢Fs).

3.5. Generation of [1][B(C¢Fs)4]” and [3][B(C¢Fs)4]” in CsDsBr

/& F ,&‘ =S\, ,@: BIC,D,

. " ) o W

Zr\F + HSIEL, + [Ph,CI'BCF] ———= —c Zr\F ) + Zr\F
[BCeFs)l [B(CoFs)T

[I[B(CeFs) I [BI[B(C4F5),I

Scheme S5

To a solution of Cp*,ZrF, (51 mg, 128 umol) and [Ph;C]*[B(CeFs)4]” (118 mg, 128
pumol) in C¢DsBr (1 mL) was added Et;SiH (20 pL, 128 umol). The mixture immediately turn
from intense orange to green brown and then to yellow-brown. The mixture was stirred for 5
min and then 0.7 mL was transferred into NMR tube. A content of the tube was degassed,
sealed off with flame and analyzed by multinuclear NMR spectroscopy (Figs. S24-26). 'H
NMR(Fig. S24) showed a presence of evolved Ph;CH (methine proton at 5.45 ppm), while
YF NMR (Fig. S25) revealed cationic species [1] and [3], having characteristic signals for
Zr—F fluoride ligand (105.6 ppm for [1] and 125.0 ppm for [3]). The presence of
compensating [B(C¢Fs)4]™ anion was evident from '°F and ''B NMR (Fig. S26) spectra.
POLYMERIZATION: From reaction mixture left in Schlenk flask after preparation of NMR
sample, an aliquot (120 pL, corresponds to 15 pumol Zr) was taken and injected into
polymerization autoclave filled with toluene (50 mL). The autoclave was pressurized to 3 bar
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for 15 min. However, no ethylene consumption was detected by ethylene flowmeter. The
pressure was vented and HSiEt; (2.4 mL, 15 mmol) was added under ethylene flow. The
autoclave was pressurized to 3 bars for 15 min, which showed no progress again. Finally, the
overpressure was released, and B(C¢Fs); solution in toluene (150 uL, 0.1 M, 15 umol) was
added. After autoclave repressurizing to 3 bar, immediate precipitation of polymer was
observed. Polymerization was conducted for 1 min and gave 1.100 g of polyethylene (A =
1470 kgpg (moly,.h.bar)™1).

3.6. Reaction of [1][B(C¢Fs)4]~ and [3][B(CsFs)4]~ with [(z-Bu);PH|*[HB(C¢Fs)3]~

A mixture of [1][B(C¢Fs)4]~ and [3][B(CeFs)4]~ was prepared as described above in
section 3.5. from Cp*,ZrF, (40 mg, 100 pmol), [Ph;C]"[B(CsFs)4]™ (93 mg, 100 umol), and
Et;SiH (16 pL, 100 umol) in C¢DsBr (0.5 mL). The green-brown mixture was stirred for 5
min and then injected into a colorless solution of [(#-Bu);PH] [HB(CsFs);]~ (72 mg, 100
umol) in C¢DsBr (0.5 mL). The mixture was stirred for 10 min, which led to formation of
yellow-orange solution. An aliquot of the mixture (0.7 mL) was used for preparation of
sample for NMR analysis. 'H, '°F and "B NMR spectra (Figs. S27-29) showed Ph;CH,
FSiEt;, zirconocene species, [(-Bu);PH]" and anions [HB(C¢Fs)3]~, [B(CgFs)4]".
POLYMERIZATION: 150 puL (which corresponds to 15 pumol of Zr) of the residual solution
was directly injected into a polymerization autoclave filled with toluene (50 mL), which
caused an immediate polymerization. The polymerization was conducted for 40 s and gave
0.969 g of PE. System activity A = 1940 kgpg (molz.h.bar)™!).

3.7 Proofing of the elusive Zr-H species by hydrodechloration of CDCl;

; E wF . B(CgFs)s ; E \\\\ Cl .
Zr: + 2eq.HSIEty; — zZr: + 2eq.FSiEt;
~¢ CDCl, e
- CDHCI,

Scheme S6

In a Schlenk vial, a mixture of Cp*,ZrF, (42 mg, 105 pumol) and B(C¢Fs); (53 mg, 104
pmol) was dissolved in 0.8 mL CDClI;. To the formed yellow solution was added HSiEt; (33
uL, 208 pumol), the mixture was sealed into NMR tube and analyzed by 'H and '°F NMR. 'H
NMR (Fig. S30) showed the presence of 2 eq. FSiEt;, Cp*,ZrCl, and CDHCI, (5.28, t, 2Jip =
1.1 Hz). 'F NMR (Fig. S31) showed B(C4Fs); and FSiEt; in a 1/2 molar ratio.

3.8. 1-hexene oligomerization catalyzed by Cp*,ZrF,/DSiEt;/B(C¢Fs); system

n 1-hexene r CHD
B-H elimination r

Scheme S7 A proposed reaction pathway leading to an incorporation of deuterium atom from
DSiEt; into oligo(1-hexene) chain.

To a slightly yellow solution of Cp*,ZrF, (50 mg, 125 pmol) and B(C¢Fs); (64 mg,
125 pmol) in PhCl (3 mL) was added DSiEt; (22 pL, 137 umol), which caused an immediate
color change to intense yellow. The mixture was stirred for 5 min and 1-hexene (152 mg, 1.81
mmol, 15 eq. with respect to Zr) was added. The red-orange mixture was inserted into bath
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preheated to 60 °C and stirred for 20 min. After cooling to room temperature the mixture was
passed through a pad of Fluorisil (3 % 1.5 cm) and eluted with THF. Volatile components of
eluate were evaporated in vacuum to leave oligo(1-hexene) as a colorless oil (110 mg,
conversion 78%). GC-MS (see Fig. S32) showed trimers and tetramers as the most abundant
species. Theoretical products of deuterosilylation of 1-hexene (m/z at 201) were not found.
The 'H and ?H NMR spectra of the oligo(1-hexene) are depicted in Fig.S33.

4. Polymerization results

Table S1: Screening of catalytic systems Cp’,ZrCl,/HSiEt;/B(C¢Fs); (where Cp” = n°-CsHjs
(Cp); n°-CsMes (Cp*) for ethylene polymerization.“

entry | Complex | Zr B/Zr | Si/Zr |t yield | AP Tt | M | Be
[nmol] [min] | [g] [°C]

1 Cp,ZrCl, |0.25 10 1000 | 30 - -

2 Cp,ZrCl, | 0.25 500 | 5000 |10 0.126 | 1000

3 Cp,ZrCl, |0.25 500 | 10000 | 10 0.606 | 4850

4 Cp,ZrCl, |2.50 50 5000 |10 3.046 | 2440

5 CpZrCl, |5 1 1000 | 60 trace | trace

6 CpZrCl, |10 1 1000 |5 1.461 | 580

7 CppZrCl, |15 1 1000 |3 2.238 | 1000 135 104 2.4

8 CppZrCl, | 15 1 1000 |3 2.440 | 1080

9 CpyZrCl, |15 1 1000 |3 2.540 | 1130

10 Cp*,ZxCl, | 0.25 500 | 5000 |15 trace | trace

11 Cp*,ZrCl, | 1 100 | 5000 |10 2.180 | 4360 136 231 2.0

12 Cp*,Z1Cl, | 5 1 1000 | 10 trace | trace

13 Cp*,ZrCl, | 15 1 1000 |3 0.365 | 160 136 129 1.5

14 Cp*,Z1Cl, | 15 1 1000 |3 0.543 | 240

@ Polymerization conditions: ethylene pressure 3 bar, temperature 25 °C, solvent toluene, total
volume 50 mL, rpm 800.

b Activity in [kgpg (molz.h.bar) 1]

¢ Melting point (second heat) determined using DSC.

4 Determined using gel permeation chromatography (GPC) in 1,2,4-trichlorobenzene at 160
°C. in kg/mol

¢ Dispersity (D = My/M,).
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Table S2  The  dependence  of  ethylene  polymerization  activity  of
[Cp*,ZrCly]/hydrosilane/B(C¢Fs); systems on the nature of hydrosilane and characterization
of obtained PE samples.?

entry | B/Zr Silane Nb AG*® t yield | Ad T, | M,f | D2
(mol/mol) [kcal/mol] | [min] | [g] [°C]

1 1 HSiEt; 3.58 | 86 3 0.365 160 | 136 | 129 | 1.5

2 2 2.3 0.870 | 500

3h 10 5 1.840 | 1470 | 136 | 262 | 1.7

4 1 HSiMe,Ph | 3.55 | 85 3 0.132 | 60 135 186 | L5

5 2 3 0.156 | 70

6 1 PMHS - - 25 0.537 | 30 136 |66 |14

7 2 18 0.734 | 50

8 1 HSi(i-Pr); | 2.93 | 84 3 0 0

9 10 30 0 0

10 1 HSiPh; 2.65 | 85 30 0 0

11 2 30 0 0

12 10 30 0 0

13 1 H,SiEt, 227 - 20 0.983 | 70 134

14 2 15 1.010 | 90

15 1 H,SiMePh | 2.13 | - 10 n.i. 1

16 2 30 0.452 | 20 135

17 1 H,SiPh, 1.52 | 92 10 n.i. 3i

18 2 25 0.828 | 40 137

19 1 H;SiPh 0.06 | 96 30 0 0

20 2 30 0 0

21 10 10 0.600 | 80 134

22k |1 HSiEt; 3.58 | 86 1.5 2.068 | 1840 | 136 | 242 | 1.7

@ Polymerization conditions: Zr = 15 pumol, Zr/silane = 1/1000, ethylene pressure 3 bar,
temperature 25 °C, solvent toluene, total volume 50 mL, rpm 800.

b nucleophilic reactivity parameter of the particular hydrosilane. Values taken from ref.®

¢ Calculated hydride donor abilities of hydridosilanes in MeCN (AG [kcal/mol] for reaction
MH — M* + H"). Values taken from ref.’

4 Activity in [kgpg (molz.h.bar) ]

¢ Melting point (second heat) determined using DSC.

f Determined using gel permeation chromatography (GPC) in 1,2,4-trichlorobenzene at 160
°C. in kg/mol

¢ Dispersity (D = M,,/M,).

h Zr=15 pmol

i value for structurally and electronically similar H,Si(n-Hex), taken from ref.?

J activities calculated from ethylene uptake curve

K[Cp*,ZrF,] used as a zirconocene component

PMHS = polymethylhydrosiloxane,

n.i. = not isolated
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Table S3 Results of polymerization with a preactivation in C¢DsBr?

entry | Experiment | Reaction mixture Zr species | B species time | PE yield | A®
(molar ratio) detected by NMR | detected by [g]
NMR
= .
1 33.1. (Clp/lﬁ;Fz/ HSIEL/B(CeFs)s [1]-[3] [HB(CeFs)s]~ |30 | 1.234 | 3290
" .
2 |333. (Clljljﬁfz/ HSIEL/B(CoFs)s [1]-(3] [HB(CeFs)s”  |30s | 1.078 | 2880
Cp*zZer/HSIEtg/B(CGFs):; [1]_[3] _
3 3.3.2. /1) Cp*oZiF, [HB(CgF5s)s] 30s | 1.156 1540
4 34 Cp*,Z1F,/HSiEty/B(C¢Fs)y/ THF [4] [HB(CFs)s] 301, 0
Cp*zZI'Fz/HSlEt3/[Ph3C]+[B(C6F5)4]_ _ 15
6 |35 + 1000 HSiEt; n.m.¢ n.m.¢ 15 1o 0
min
1
7 + 1 eq. B(CgFs)3 n.m.4 n.m.4 min 1.100 1470
Cp*zszz/HSIEtj,/[Phj,C]+[B(C6F5)4]_/ _
i + - [B(CsFs)4]
8 3.6. [(t-Bu);PH]"[HB(C4F5);] [1], [3] _ 40s | 0.969 1940

@ Polymerization conditions: Zr = 15 umol for all experiments, ethylene pressure 3 bar, temperature 25 °C, solvent toluene, total volume 50 mL,

rpm 800.

b Activity in [kgpg (molz.h.bar)™]

¢ reaction in PhCl

4 n.m. = not measured by NMR (reactions performed in the autoclave)
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5. Figures, graphs, and NMR spectra
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Fig S1. Ethylene consumption profiles [mL/min vs time] for [Cp*,ZrCl,]/PMHS/B(C¢Fs);
catalytic system with different B/Zr ratio. Red line corresponds to entry 7 in Table S2 and
blue line corresponds to entry 6 in Table S2. Time period up to 1.5 minute corresponds to
pressurization of the autoclave to the appropriate pressure (3 bar). Polymerization conditions
see Table S2.
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Fig S2. Ethylene consumption profiles [mL/min Vs time] for
[Cp*,ZrCl,)/hydrosilane/B(CgFs); catalytic system with different hydrosilanes used (green
line = entry 1, red line = entry 13, blue line = entry 6; all from Table S2). Time period up to
1.5 minute corresponds to pressurization of the autoclave to the appropriate pressure (3 bar).
Polymerization conditions see Table S2.
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Fig. S3. Activity as a function of nucleophilicity vs. steric factor.
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Fig S4. Dependence of activity on nucleophilic reactivity of phenylsilanes. There should be

noted an obvious inactivity of strongly nucleophilic HSiPh; in comparison to less sterically
demanding phenylsilanes.
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Cp2ZrCI2/HSIEt3/B(C6F5)3
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[

1400 1200 1000

Wavenumbers (cm-1)
Fig. SS. An expanded region of IR spectra of PE films prepared by [Cp,ZrCl,]/MAO (red),
[Cp2ZrCl,/HSiEt;/B(CgFs5); (entry 7 in Table S1, green),[Cp*,ZrClL,]//HSiEt;/B(CgFs); (entry
1 in Table S2, violet) and [Cp*,ZrCl,]/H3S1Ph/B(C¢F5s); (entry 20 in Table S2, blue) systems.
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Fig. S6. '"H NMR (300 MHz) spectrum of a mixture of [Cp*,ZrCl,], HSiEt;, and B(C¢Fs);

(1/10/1 ratio) in toluene-dg at 25 °C. The mixture was generated as described in section 3.1.
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Fig. S7. ’F NMR spectrum of mixture [Cp*,ZrCl,], HSiEt; and B(C¢Fs); (in 1/10/1 ratio) in

toluene-ds at 25 °C. The mixture was generated as described in section 3.1.
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Fig. S8. °F NMR spectrum of a mixture of HSiEt; and B(C4Fs); (in a 10/1 ratio) in toluene-dj
at 25 °C.
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Fig. S9. Left side: a “kit” created from a Pasteur pipette for sealing oily products under argon
(the silicone septum has O.D. 7.1 mm). Right side: NMR tubes containing a sealed capillary
surrounded by toluene-ds.
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Fig. S10. '°F NMR spectrum of a mixture of [1][HB(C¢Fs);]~ and [2][HB(CsFs)s]~ (74/26
ratio) in toluene-ds at 25 °C. The mixture was generated as described in section 3.2.
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Fig. S11. 1D NOESY spectrum of a mixture of [1][HB(C¢Fs);]™ and [2][HB(C¢Fs)s]~ (74/26
ratio) in toluene-dg at 25 °C with an irradiated E#;SiF region (0.4 to 0.7 ppm). The mixture
was generated as described in section 3.2.
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Fig. S12. 'H NMR spectrum of a mixture of [1][HB(CgFs)3]~ and [2][HB(C¢Fs)s]~ (74/26
ratio) in toluene-dg at 25 °C. * denotes a residual CD,H signal of external toluene-dg; the
arrow shows a toluene-dg coordinated in the second coordination sphere of cationic centers
and forming complex-toluene clathrate. As the mixture of [1][HB(C¢Fs);]- and
[2][HB(C¢Fs)3]~ was in a sealed capillary the signals of coordinated and free toluene-dg could
be distinguished. The mixture was generated as described in section 3.2.
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Fig. S13. '"B NMR spectrum of a mixture of [1][HB(CgFs);]- and [2][HB(CeFs);]™ in
toluene-ds at 25 °C. A borosilicate glass of NMR tube is responsible for unmarked signals as
was verified by measuring 'B NMR spectrum of neat toluene-ds. The mixture was generated

as described in section 3.2.
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Fig. S14. '°F NMR spectra of mixtures of [1][HB(C¢Fs);]™ and [2][HB(C¢Fs);]™ in toluene-ds
or neat HSiEt; (where Zr/Si/B = 1/22/1) generated at various Zr/Si/B ratios. The mixtures
were generated as described in section 3.2.
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Fig. S15. 2°Si NMR spectrum of a mixture of [1][HB(C¢Fs)s]~ and [2][HB(C¢Fs)s;]™ (74/26
ratio) in toluene-dg at 25 °C (d1 = 30, ns = 1550). The broad signal centered at —109 ppm
corresponds to SiO4 units in borosilicate glass of NMR tube. The mixture was generated as

described in section 3.2.

™ = o~ r @ T ;O
5 = 3 S g8 C8R Y
¢ A
HB(CeFs)s]
:
oL - %
S ), BrC.D
z;/F )’\ @F Z;/ g5
~E ZF\F ™
HBCF ol ﬁ( B [HBICF bl
[IHB(CGF,) I [21HB(CF)) [BIHB(CAF )l
Zr-F Zr-F-Si
[11 11
Zr-F ,  ZrF Zr-F-Zr free |
3] [2] (2] l F-Si
: : i el seshild
T T iy ‘ Tl
w w (o] o™ o™ P~
10 110 80 60 40 20 O -30 -60 -90 -130 -170
f1 (ppm)

Fig. S16. '’F NMR spectrum of a mixture of [1][HB(C¢Fs)s]~, [2][HB(C¢Fs)s]~ and
[31[HB(CgFs)3]™ (76/5/19 ratio) in C¢DsBr at —30 °C. The mixture was generated as described
in section 3.3.1.
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Fig. S17. "F NMR spectra of a mixture of [1][HB(C¢Fs);]~, [2][HB(C¢Fs)s]~, and
[3]1[HB(C¢Fs);]~ in C¢DsBr at temperature range from —30 °C to 65 °C. The mixture was
generated as described in section 3.3.1.
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Fig. S18. "B NMR spectrum of a mixture of [1][HB(C4Fs);]~, [2][HB(C¢Fs)s]~, and
[3]1[HB(C¢Fs)3]~ in C¢DsBr at 25 °C. The mixture was generated as described in section 3.3.1.
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Fig. S19. F NMR spectrum of a mixture of [1][HB(C¢Fs)s]~, [2][HB(C¢Fs)s]~, and
[31[HB(C¢Fs);]~ and Cp*,ZrF, (15/35/3/47 ratio) in C¢DsBr at —30 °C. The mixture was
generated as described in section 3.3.2.
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Fig S20. OCH, region of THF in '"H NMR spectra of [4][HB(C4Fs);]™ in C¢DsBr measured in
temperature range from —35 to 25 °C. The mixture was generated as described in section 3.4.
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Fig. S21. ”F NMR spectrum of a product mixture in C¢DsBr at —30 °C. The mixture was

generated as described in section 3.4.
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Fig. S22. "B NMR spectrum of [4][HB(C¢Fs)3]~ in C¢DsBr at 25 °C.
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Fig. S23. Comparison of ''B (top) and '"B{'H} NMR spectra (bottom) of [4][HB(C¢Fs);]™ in
C¢DsBr at 25 °C.
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Fig. S24. '"H NMR of the mixture prepared in section 3.5. in C¢DsBr at 45 °C.
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Fig. S26. ''B NMR of the mixture prepared in section 3.5. in C4DsBr.
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Fig. S27. '"H NMR of the mixture prepared in section 3.6. in C¢DsBr.
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Fig. S28. °F NMR of the mixture prepared in section 3.6. in C¢DsBr.
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Fig. S29. ''B NMR of the mixture prepared in section 3.6. in C¢DsBr.
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Fig. S30. 'H NMR spectra of the mixture prepared in section 3.7. (top) and [Cp*,ZrCl,]
(bottom) in CDCls;.
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Fig. S31. '°F NMR spectra of the mixture prepared in section 3.7. in CDCls.
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Fig S32. GC chromatogram for oligo(1-hexene) obtained as described in section 3.8.
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Fig. S33. °H (top) and 'H (bottom) NMR spectrum of oligo(1-hexene) prepared in section 3.8.
in CHCIL;/CDCl; (ca 100/1, v/v) mixture. The oligo(1-hexene) was prepared as described in
section 3.8.. The highlighted area showed a CHD signals of the oligomer resulted from
transfer of deuterium from silicon atom to 1-hexene (as depicted in Scheme). * denotes
solvent signals; # denotes a transmitter artifact.
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6. Results of DFT calculations

Fig. S34. Perspective view of molecular HOMO (left) and LUMO (right) orbitals of
[11[HB(C¢Fs);]~ depicted at 5% probability. The HOMO contains 7% of s-character
contribution from the hydride. The LUMO has 73% d-character contribution from the metal
and is generated from mixing the metallic d,? and d,.,2.

Fig. S35. DFT optimized molecule of [2][HB(C¢Fs);]~. Hydrogen atoms (except B—H) are
omitted for clarity. Selected atom distances and angles: Zr—Fmina 1.987, 2.004 A; Zr—Fpridge
2.193,2.209 A; B-H 1.214 A; Zr-F-Zr 167.34°.
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Fig. S36. DFT optimized molecule of [3][HB(C¢Fs);]~. Hydrogen atoms (except B—H) are
omitted for clarity. Selected atom distances and angles: Zr—F 1.982 &; Zr—Br 2.907 A; B-H
1.214 A; Zr—Br-Cjy, 108.61°.
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7. Cartesian coordinates
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