Downloaded via ARGONNE NATL LABORATORY on October 23, 2023 at 15:11:17 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

n
<

pubs.acs.org/acscatalysis

Research Article

Supported Electrophilic Organoruthenium Catalyst for the
Hydrosilylation of Olefins

Uddhav Kanbur,” Ryan ]. Witzke,” Jiayi Xu, Magali S. Ferrandon, Timothy A. Goetjen, A. Jeremy Kropf,
Frédéric A. Perras,* Cong Liu, T. Don Tilley,* David M. Kaphan,* and Massimiliano Delferro*

I: I Read Online

Article Recommendations |

Cite This: ACS Catal. 2023, 13, 13383-1339%4

ACCESS | [l Metrics & More ’ Q Supporting Information

Osmzph

ABSTRACT: A series of supported electrophilic organoruthenium complexes has

been synthesized via surface organometallic chemistry (SOMC) techniques and No reaction
applied to the selective hydrosilylation of olefins. The air-sensitive 16e™ complex Active | Heterogensous
Cp*RuMes(PCy;) (1) (Cp* = pentamethylcyclopentadienyl, Mes = mesityl) was

Homogeneous

synthesized by the treatment of Cp*RuCl(PCy;) with mesityl Grignard MesMgBr.
This species was chemisorbed onto sulfated zirconia SO,/ZrO,, but the resulting
material was inactive toward cyclohexene hydrosilylation with phenylsilane.
Instead, Cp*RuMes(PCy;) was treated with phenylsilane (PhSiH;) to provide a
ruthenium disilyl hydride complex Cp*RuH(SiH,Ph),(PCy;) (3), which was fully
characterized by NMR spectroscopy and single-crystal X-ray diffraction. Grafting
this species onto SO,/ZrO, resulted in the formation of phenylsilane along with
the surface electrophilic species [Cp*RuH(R)(X-SiHPh)(PCy;)] (R = H, 0,S—O
or O;Zr—0; 4a, 4b, X = O;S—0, and O;Zr—O, respectively) as the major species.
Material 4 was characterized via a combination of spectroscopic techniques including dynamic nuclear polarization (DNP)-enhanced
solid-state NMR spectroscopy, diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), X-ray absorption spectroscopy
(XAS), and density function theory (DFT) calculations. Capping the remaining acid sites on 4 with Me,Si-SiMe; provides S, which
significantly reduces side reactions, such as olefin isomerization and silane redistribution. Catalyst S is a highly robust and selective
hydrosilylation catalyst and can be recycled up to S times without significant diminishment of activity. Exclusive anti-Markovnikov
regiochemistry, cis-addition selectivity, and the inactivity of secondary and tertiary silanes provide support for the proposed Glaser—
Tilley mechanism involving cationic ruthenium silylene species analogous to homogeneous systems.

KEYWORDS: hydrosilylation, surface organometallic chemistry, ruthenium, solid-state NMR, surface modification
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B INTRODUCTION
Hydrofunctionalization, the addition of an E—H bond (E = C,

limitations such as incompatibility with amino-substituted
olefins, poor catalyst recovery, and a tendency to catalyze

Si, B, P, N, O, Sn) across an unsaturated bond, is an important
chemical transformation used in industry to upgrade olefins
and other feedstocks to value-added chemicals.' In particular,
metal-catalyzed olefin hydrosilylation® finds widespread
application in the commercial manufacture of silicone-based
surfactants, fluids, molding products, release coatings, and
pressure-sensitive adhesives.” Consequently, hydrosilylation
has emerged as one of the largest-scale applications of
homogeneous catalysis." For more than three decades,
precious metal compounds containing Pt, Pd, and Rh have
been used almost exclusively as hydrosilylation catalysts. The
hydrosilylation of alkenes catalyzed by these expensive
transition-metal catalysts is often accompanied by side
reactions such as alkene isomerization, oligomerization,
polymerization, and hydrogenation as well as redistribution
and dehydrogenation of the silanes and reactions in which
both substrates take part.’ Platinum compounds, such the
Karstedt and Speier catalysts, are the most widely used
industrial catalysts,”® although they suffer from chemical
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Chemical Society
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competing isomerization of terminal alkenes to the corre-
sponding internal isomers.”

The most common hydrosilylation mechanisms, the Chalk—
Harrod and modified Chalk—Harrod mechanisms (Scheme
la), allow for olefin isomerization, the formation of
Markovnikov and anti-Markovnikov products, and over-
hydrosilylation resulting from product reentering the catalytic
cycle (e.g, when primary or secondary silanes are used). An
alternative cycle, the Glaser—Tilley mechanism, eliminates

10—-21

some of these undesirable pathways. Depicted in Scheme

1b, this mechanism centers around a cationic Ru silylene
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Scheme 1. (a) Metal-Catalyzed Hydrosilylation of Olefins via Chalk—Harrod or Modified Chalk—Harrod Mechanism; (b)
[Ru=Si]" Catalyzed Hydrosilylation via Direct Addition of the Silylene Si—H Bond to an Olefin (Glaser—Tilley Mechanism)
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Figure 1. Top: Synthesis of organoruthenium 16e” complex 1 and organoruthenium 18e~ complex 3. Bottom: Crystal structures of (A) 1 (selected
bond lengths: Ru—P1, 2.427 A; Ru—Cl1, 2.100 A), and (B) 3 (selected bond lengths: Ru—P1, 2.353 A; Ru—H1, 1.584 A; Ru—Sil, 2.401 A; Ru—
Si2, 2.419 A). Thermal ellipsoids are set at the 50% probability level. All hydrogen atoms except those depicted are omitted for clarity.

complex.”” The electrophilicity of Si bonded to Ru enables
direct olefin insertion into the Si—H bond.

In the Glaser—Tilley mechanism, the silane product is
eliminated through a series of 1,2 hydrogen migrations from
Ru to Si. The silylene intermediate is then reformed via a
double Si—H activation of a primary silane. This unique
insertion pathway via nucleophilic attack of the olefin at the
electrophilic Si atom enables the high selectivity of this
mechanism. Only anti-Markovnikov products resulting from
syn-insertion are observed. Inspired by these unique results, we
envision that supporting Ru organometallic precursors on
acidic supports, such as sulfated zirconia, will not only stabilize
these catalysts toward decomposition”>** but also allow the
formation of a cation-like Ru center on the surface,”® which is
needed to yield the metal-silylene active site (Scheme 1b). We
have recently reported that the chemisorption of (*"Phebox)-
Ir(OAc),(OH,) (“"Phebox = 2,6-bis(4,4-dimethyloxazolinyl)-
3,5-dimethylphenyl) on sulfated zirconia generates an electro-
philic, cation-like iridium center capable of activating C—H
bonds at lower temperature than the homogeneous counter-
part.'”*° The enhanced reactivity of highly electrophilic

molecular species on acidic oxide surfaces represents a new
interface between homogeneous and heterogeneous catalysis,
with its own challenges and opportunities.”’ > For example,
Marks and co-workers have reported the formation of cationic
group IV metal centers stabilized on sulfated zirconia for olefin
polymerization and hydrogenations.”””'™** The catalytic
activities of these reactive surface species can considerably
exceed their homogeneous analogues in some cases, even with
the weakest coordinating counteranions.”””> While there are
several known platinum-based recyclable hydrosilylation
systems,’®™*' there are only a handful of examples of
supported ruthenium complexes for hydrosilylation applica-
tions reported in the literature.”””** Another drawback of
ruthenium-based catalysts is their low activity. For example,
[(CH;CN);RuCp]PF, supported on carbon-coated mesopo-
rous silica provided a catalyst for the hydrosilylation of 1-
hexyne; however, the stability of the surface species resulting
from 7%-arene coordination led to very low catalytic activity,
and a maximum turnover number of 2 was observed.*” More
recently, a site-isolated ruthenium catalyst on zirconia was
shown to be effective in the hydrosilylation of ethylene with
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Scheme 2. Grafting of 3 onto $O,/ZrO, Leading to a Mixture of Surface Species 4 (4a and 4b)
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triethoxysilane.** The Ru/ZrO, catalyst was also recyclable,
but a significant drop in yields was observed after three cycles.
Hence, it is challenging to generate a robust surface-supported
catalytically active ruthenium center. Herein, we describe a
series of organoruthenium complexes amenable to surface
organometallic chemistry, synthesized and chemisorbed on
sulfated zirconia to promote the Glaser—Tilley olefin hydro-
silylation mechanism in a heterogeneous system, thus making
them separable from the reaction media and recyclable.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Molecular and
Grafted Complexes. In order to generate a highly active and
selective heterogenized hydrosilylation catalyst, an organo-
metallic precursor to generate the electrophilic fragment upon
grafting onto a highly acidic surface was needed. Complex
Cp*RuCl(PCy;)* (Cy = cyclohexyl) reacted with mesityl-
magnesium bromide in ether at —30 °C with an instantaneous
color change from purple to deep blue to afford the
coordinatively unsaturated, 16-electron complex Cp*RuMes-
(PCy;) (1) in 60% yield after 18 h (Figure 1). The product
was characterized by 'H, "*C, and *'P NMR spectroscopy
(Figures S14—S19). Note that the chemical shift at 37 ppm in
the *'P NMR spectrum is characteristic of organometallic
ruthenium(IT) phosphine complexes.”® X-ray quality single
crystals were grown from a concentrated pentane solution
layered with hexamethyldisiloxane (HMDSO) and provided
the structure shown in Figure 1.

The crystal structure of the two-legged piano stool complex
revealed a Ru—Cy, bond length of 2.100(8) A and a Ru—P
length of 2.427(2) A, consistent with the greviously reported
similar complex Cp*("Pr,MeP)RuCH,Ph."” Complex 1 was
allowed to react with a suspension of sulfated zirconia™® (SO,/
ZrO,) in toluene at room temperature to afford the beige-
colored Cp*RuMes(PCy;)/SO,/ZrO, (2). The grafting
reaction was also monitored by 'H NMR spectroscopy,
where the decrease of Cp*RuMes(PCys;) signals was observed
alongside the formation of free mesitylene and without the
release of free tricyclohexyl phosphine. Inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) measure-
ments of 2 revealed a 1 wt % Ru surface loading, consistent
with the loading estimated from the consumption of 1 in an in
situ 'H NMR grafting experiment. In an initial experiment,
phenylsilane, cyclohexene, and hexamethylbenzene as an
internal standard and 2 in C4D4 were combined in an NMR
tube at 70 °C and monitored at regular intervals by "H NMR
spectroscopy. The formation of the desired product Ph(Cy)-
SiH, was not observed even after reaction for 96 h of reaction.

13385

However, PhSiH; disproportionation products were observed
in appreciable quantities (43%). To understand the failure of 2
as an effective hydrosilylation catalyst, the material was studied
by solid-state *C, *'P, and '"H NMR spectroscopy (Figures
$29, S31, S28). The *'P NMR spectrum of 2 featured three
major species at 40, 23, and —10 ppm. To further understand
the decomposition of the Ru fragment in 2, PCy; and O=
PCy; were exposed to sulfated zirconia to identify possible
decomposition products in 2 by *'P NMR spectroscopy
(Figure S39a—d). PCy; on SO,/ZrO, featured minor peaks at
71 and 40 ppm and a major peak at 23 ppm, assigned as the
phosphine oxide, the protonated phosphonium, and the
physisorbed phosphine, respectively, consistent with previous
reports in the literature.***> O=PCy; on $O,/ZrO, featured a
distribution of resonances centered at 72 ppm, attributed to
different Lewis and Bronsted acid binding sites.***® Based on
the phosphine and phosphine oxide probe molecules, the *'P
spectrum of 2 showed the nearly complete release of PCyj;,
with the peaks at 40 and 23 ppm attributed to the protonated
phosphonium and physisorbed phosphine, respectively, with
the unknown signal at —10 ppm being plausibly consistent
with the upfield shift expected for dealkylated dicyclohex-
ylphosphine. Thus, the inactivity of 2 is attributed to the
instability of the resulting electrophilic, low-coordinate surface
ruthenium species on sulfated zirconia. To obtain a stabilized
surface complex, Cp*RuMes(PCy;) (1) was allowed to react
with phenylsilane in pentane, resulting in a change in color
from blue to pale yellow along with the precipitation of a white
solid. Isolation of this solid provided the analytically pure 18-
electron complex Cp*RuH(SiH,Ph),(PCy;) (3) in 73% yield
(Figure 1). The Ru—H resonance was observed as a doublet at
—11.5 ppm (Jyp = 31 Hz) in the 'H NMR spectrum, while the
Si—H resonances were observed as two broad multiplets at 5.3
and 5.0 ppm. A singlet at 57 ppm was detected in the *'P NMR
spectrum.”’ A direct *’Si signal was also identified at —0.37
ppm, similar to the silicon resonance at —1.1 ppm observed for
the ruthenium silyl hydride complex cis-(PMe;) ,Ru(SiMe,H)-
H.>' Single-crystal X-ray diffraction analysis revealed a
spectroscopically consistent structure, as shown in Figure 1.
The Ru—H distance of 1.584(5) A in 3 is comparable to
previously reported Ru—H distances in ruthenium(IV) silyl
hydride complexes such as (PMe;);Ru(SiMe;)H;, where Ru—
HI = 1.49(4), Ru—H2 = 1.64(5), and Ru—H3 = 1.43(4) A in
the latter complex.”’ The Ru—Si bond lengths (2.419(1) and
2.401(1) A) and Ru-P (2.353(1) A) in Cp*RuH-
(SiH,Ph),(PCy;) are also very similar to known values in
the literature.
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Scheme 3. Stoichiometric Reaction of the 3 with Anhydrous p-Toluenesulfonic Acid (PTSA)
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Figure 2. (a) Structures of the precursor 3 and the two species (4a and 4b) formed upon grafting. (b) 'H fast- MAS NMR spectrum (top) and 'H
2D RFDR spectrum (bottom). (c) *P{'H} CPMAS and 2D FSLG-HETCOR NMR spectra of 4. (d) *C{'H} CPMAS NMR spectrum of 3 (top,
red) and DNP-enhanced CPMAS and 2D FSLG-HETCOR spectra of 4 (bottom). (e) *Si{'H} CPMAS NMR spectrum of 3 (top, red) and DNP-
enhanced CPMAS and 2D FSLG-HETCOR spectra of 4 (bottom). Dashed red lines are drawn along the 'H dimension to highlight the different
resolved 'H species. Asterisks denote spinning sidebands; daggers denote the signals from an unknown impurity, and pound signs denote adsorbed

PCy,.

Complex Cp*RuH(SiH,Ph),(PCy;) (3) was also chem-
isorbed onto SO,/ZrO, in toluene to provide the beige
material 4 (Ru loading via ICP-AES = 0.6 wt %, Scheme 2),
and an NMR scale grafting experiment revealed a decrease in
the Cp*RuH(SiH,Ph),(PCy;) signals along with the for-
mation of phenylsilane, hydrogen gas and signals consistent
with polyphenylsilane (Figure S3). The initial formation of
PhSiH; suggests protonolysis of the Ru—Si bond in 3, while its
subsequent consumption along with the growth of peaks
corresponding to H, and —(SiH,Ph—), is consistent with a
subsequent dehydrocoupling process.”'~>® The resulting
material 4 exhibits a lower metal loading than 2 (0.6% wt.
Ru, 0.44 Ru atoms/nm?), but it is within the expected range
for surface organometallic complexes formed via Lewis acid/
base interactions with the SO,/ZrO, surface (~0.1 mmol/g
Bronsted acid sites and 0.29 mmol/g Lewis acid sites with a
Brunauer—Emmett—Teller (BET) surface area of 186 m?/
g).**>* Note that no correlation was observed in the

13386

stoichiometric relationship between the acid sites and the
grafted species, and both of these values indicate steric
constraints during the grafting reaction. Note also that the
ruthenium loadings are not affected significantly with an
increase in the ruthenium concentration during the grafting
reactions.

To further understand the nature of the grafting process
onto sulfated zirconia, a stoichiometric reaction of the
ruthenium precursor 3 with anhydrous p-toluenesulfonic acid
(PTSA), in C¢Dg at 60 °C was conducted and monitored by
NMR spectroscopy (Scheme 3 and Figure $27).> Rapid
evolution of gas was observed and was corroborated by the
appearance of a signal at 4.47 ppm corresponding to H,. In
addition, new broad signals at 5—6 and 7—8 ppm were
observed corresponding to poly(phenylsilane) species,” likely
formed as a result of dehydrocoupling. The Ru—H doublet of
Cp*RuH(SiH,Ph),(PCy,;) at —11.5 ppm decreased in
intensity, concomitant with the formation of a pair of doublets
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at —11.6 and —11.8 ppm integrating to two protons (Ru—H)
and a new singlet at 1.6 ppm integrating to 1S protons (Cy).
The Si—H signals of 3 at 5.26 and 4.97 ppm are completely
consumed, and no new signals appear in that characteristic
region. A new multiplet observed at 8.18 ppm was assigned to
a silylene Ru = Si(H)Ph proton, previously reported at 8.15
ppm for [Cp*(‘PryP)RuH,(=SiHMes)][CB,,H¢Br4] by Tilley
and co-workers."” Analysis of the >'P NMR spectrum revealed
consumption of the parent signal at 57 ppm, which is replaced
by a major peak at 25 ppm and a small signal at 69 ppm
(Figure S28). The latter signal is also observed in the solid-
state NMR analysis (Figure 2) of 4, indicating that a similar
species is formed on the SO,/ZrO, surface. An analogous
compound Cp*(P'Pr;)Ru(H),(SiHPhOTf)*” was previously
reported and has a *'P chemical shift of 79 ppm. Thus, the
reaction of 3 with PTSA results in a mixture of species, the
major species is consistent with [Cp*RuH,(=SiHPh)(PCy,)]-
[PTSA] (6 *'P = 25 ppm) and a minor species consistent with
Cp*RuH,(PTSA-SiHPh)(PCy,) (5°'P = 69 ppm). However,
attempts to isolate these compounds failed, and intractable
decomposition products were observed by NMR spectroscopy.
Importantly, these in situ ruthenium-containing products were
inactive for olefin hydrosilylation under the reaction conditions
(vide infra).

Spectroscopic Characterization of Surface Species.
The supported organoruthenium species 4 was characterized
using a combination of spectroscopic techniques to elucidate
the nature of the precatalyst. Diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) of 4 revealed
distinct aliphatic (2900—3000 c¢cm™") and aromatic (3100
cm™") C—H stretches that correspond to the ligands bound on
ruthenium (Figure S29). A weak feature, observed at 1975
cm™' was tentatively attributed to the Ru—H stretching
frequency, similar to molecular ruthenium(IV) complexes
containing a hydride and a silylene ligand"” as well as surface-
supported ruthenium hydrides such as [(=SiO)RuH-
(dmpe),].>*>” Material 4 was also characterized by using an
array of solid-state NMR experiments (Figure 2). The 'H fast-
MAS NMR spectrum of the species displayed clear resonances
from the phenyl, aliphatic, and surface hydroxyl sites. In
addition, a resonance at —11 ppm indicated the presence of a
Ru hydride.”” A through-space 'H—'H 2D correlation
experiment (Figure 2b) showed clear cross-peaks between
the aliphatic signals and both the phenyl and the hydride
signals, confirming that all three species are in fact a part of the
same complex. The P NMR spectrum featured resonances
centered at 70 ppm from Ru-PCy; species, similar to the
molecular complex [Cp*(‘PryP)RuH,(=SiHMes)]-
[CB,;H¢Brs] reported by Tilley et al. at § = 65 ppm,12 in
addition to a weak resonance from adsorbed phosphine
(Figure 2¢).

A DNP-enhanced®' ~® '3C CPMAS NMR spectrum was
obtained for the grafted species, which was similar to that from
the molecular precursor (Figure 2d). Two resonances were
observed in the range expected for Cp* (95 and 86 ppm);
however, the lower frequency site was not found to correlate
with the Cp* methyl "H resonance in a *C{'H} HETCOR
spectrum, suggesting that it is instead from a supported species
that is external to the complex, such as an alkoxy species. The
higher frequency resonance agreed with the shift observed in
the precursor in solution and suggested a rapid rotation of the
Cp* group. This rotation was not seen in the crystalline
precursor, presumably due to steric constraints or crystal

packing effects. The HETCOR spectrum otherwise showed all
of the expected short-range correlations, such as between
aromatic protons and carbons and between aliphatic protons
and carbons.

The DNP-enhanced ¥Si{'H} CPMAS NMR spectrum of
the grafted species was very different from that of the precursor
(Figure 2e). The precursor featured two chemically inequiva-
lent Ru-SiH,Ph silyl species (§ **Si = —0.2 and 5.7 ppm), while
the grafted species featured signals from two oxygen-bound
silyl species generated from a reaction with the sulfated
zirconia surface (8 °Si = 41 and 79 ppm). No signals were
detected around 300 ppm from a silylene moiety, and other
signals from —25 to —100 ppm indicated the formation of
polysilanes upon grafting.”*~°° While the solid-state >’Si NMR
is not quantitative, it does suggest that the poly(phenylsilane)
is generated from phenylsilane formed during the grafting
reaction of 3 on SO,/ZrO,. Conley et al. have reported a
reactive silylium species on sulfated zirconia of the type
[R;Si][SO,/Zr0O,], and the *Si CPMAS NMR spectrum
revealed a major peak at 53 ppm assigned to the more
electron-deficient R;Si—O, species.”” The observed 2’Si
chemical shifts of 4 are consistent with a similar silicon
environment with a weakly coordinating sulfated zirconia
surface. Such a structure {Ru—Si(H)(Ph)-OSO,} can convert
to a cationic ruthenium silylium species [Ru=SiHPh][OSO,]
under catalytic conditions, similar to the proposed active
species of the Glaser—Tilley hydrosilylation mechanism.

DFT calculations of the 'H, *'P, and ?°Si chemical shifts
(Table S1) were performed to aid in the assignment of the
spectra. In total, ten different structures were modeled (Table
S1). All predicted Ru-SiH,Ph *Si chemical shifts were close to
those observed in the precursor, while most Ru-SiH(O)Ph
species fell close to those from the two species observed
experimentally. Of these remaining structures, only the
dihydride species reproduced the observed hydride 'H
chemical shift of —11 ppm, with ZrO- and SO-bound silanes
having DFT-calculated *°Si shifts of 29.0 and 62.2 ppm, which
would agree with those observed experimentally (Figure S38).
Monohydrides are predicted to resonate around —5.2 and —3.4
ppm, which is not observed experimentally; however, this may
be caused by a lack of resolution at higher frequencies due to
overlap from the aliphatic signals (see Figure S36). The *Si
signals could also be assigned to analogous hydride-free
species.

X-ray absorption spectroscopy (XAS) at the Ru K edge was
used to further investigate the structure of 4 (Figure 3a). Based
on the greater white line intensity of 4 compared to 3, X-ray
absorption near-edge structure (XANES) indicates an increase
in oxygen donors in the inner coordination sphere of Ru,
suggesting the possibility of at least some proteolytic
substitution at the metal center in addition to the S atom
(Scheme 2). The extended X-ray absorption fine structure
(EXAFS, Figure 3b) qualitatively indicates that the average Ru
nearest neighbor bond length in 4 has decreased relative to the
molecular precursor (based on the increased oscillation
period), while either increased disorder to the Ru environment
or destructive interference between scattering paths accounts
for the lower amplitude at high k. This is consistent with
structure 4a/4b as a major species on SO,/ZrO,, in which a
longer Ru—Si bond is replaced with a shorter Ru—O bond, also
in agreement with SS NMR (vide supra).

Model-dependent quantitative EXAFS fits are possible using
the measured crystal structure of 3 (Table 1). The
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Figure 3. (A) Ru K edge XANES and (B) k* y(k) EXAFS for
organoruthenium complex 3 and supported material 4.

coordination numbers have been assumed to be correct, while
all of the nearest neighbor (NN) C atoms in Cp* are described
by a single distance shift and ¢”. Similarly, Si and P are all
described by a single distance shift relative to the crystal
structure and ¢”. The fit mismatch is only 0.8%, which
indicates a good match to the model, although the bond length
shifts are somewhat large at +0.04 A. For 4, a Ru—0 bond has
been substituted for a Ru—Si bond. The fit results confirm the
average NN bond length decrease from 3 to 4 and demonstrate
that the model is consistent with the spectra. The amplitude
reduction factor has been fixed to the value determined from a
Ru metal foil. Without this concession, the correlations
between fit parameters are very high. The results when fitting
S,” are given in Table S2.

The structure of ruthenium species on the surface based on
consolidated spectroscopic results is likely of the type
[Cp*RuH(R)(X-SiHPh)(PCy;)] (R = H, 0;5—0 or O;Zr—
O; 4a, 4b, X = 0,5—-0, 0;Zr—O0, respectively, Scheme 2),
which is a mixture of ruthenium monohydrides and dihydrides.
Species of type 4a containing a weak Ru—Si(H)(Ph)—0—SO,
linkage possibly reversibly converted to the mechanistically
relevant cationic species [Ru=SiHPh][O—SO,] under cata-
Iytic conditions, analogous to the molecular species formed
during the reaction of 3 with PTSA.

Catalytic Hydrosilylation of Olefins. In an NMR scale
experiment, cyclohexene and PhSiH; were converted to
Ph(Cy)SiH, in the presence of catalyst 4 (1 mol % Ru) in
C¢Dg at 70 °C in 88% yield after 72 h, corresponding to 88
turnovers in this period (Table 2, Entry 4; for solvent effect see

Table 2. Catalyst Efficacy and Recycling Data for the
Hydrosilylation of Cyclohexene with Phenylsilane”

[cat]
+ PhSiH; -
70°C,72h SiH,Ph

entry catalyst yieldb
1 Cp*RuMes(PCy;) (1) <1
2 2 <1
3 Cp*RuH(SiH,Ph), (PCy;) (3)  <I
4 4 88, 83¢, 617, 13°
5 5 92, 89<, 91¢, 88°, 88/, 54¢, 21"

“Conditions: benzene-dg, [cyclohexene]/[PhSiH3] = 1:1, 1 mol %
Ry, 70 °C, 96 h ’NMR yield “Ist round of catalyst recycling “ond
round of catalyst recycling “3rd round of catalyst recyclingf4th round
of catalyst recycling #5th round of catalyst recycling "6th round of
catalyst recycling ‘72 h reaction time

Table S2). To rule out leaching of chemisorbed ruthenium
species into the solution during catalysis, a partially converted
reaction mixture of 4, cyclohexene, and phenylsilane (18 h,
39% Ph(Cy)SiH, yield) was filtered to separate 4 and was
allowed to further react at 70 °C. No further conversion of
starting materials was observed, supporting the absence of
catalytically active homogeneous species in the system.
Additionally, the molecular complex Cp*RuH-
(SiH,Ph),(PCys;) (3) was inactive toward cyclohexene hydro-
silylation, and no conversion of the reactants was seen after 72
h at 70 °C (Table 2, Entry 3). A control experiment was also
conducted with PhSiH;, cyclohexene, and unmetalated SO,/
ZrO, under the same reaction conditions. The reaction only
produced the silane redistribution species, Ph,SiH,, Ph;SiH,
and SiH,; no change in the reaction composition was observed

Table 1. Ru K Edge EXAFS Fit Results after Setting S,> (Simultaneous k" Weighting, n = 1, 2, 3) and S,*> = 0.68(7) from Ru

Foil
sample  k range (A™')/R range (&) path N §2 AR (A) (vs xrd of 2) R (A) o® (x1073 A%2)  AE, (eV)  Rfactor (%)
3 3.3—-14.2/1.0-2.6 Ru-C, 3 0.68 —0.042 + 0.010 2.220 04 + 0.7 19+13 0.8
Ru-C, 2 —0.042 + 0.010 2.262 04 + 0.7
Ru-P 1 0.045 + 0.009 2.397 1.3 + 0.6
Ru-Sij, 2 0.045 + 0.009 2454 13 + 0.6
4 3.5-142/1.0-2.4 Ru—0 1 068 2.11 + 0.06 2.0 (set) 22+ 18 0.9
Ru-C, 3 —0.061 + 0.011 2.200 1.3+ 17
Ru-C, 2 —0.061 + 0.011 2.241 1.3+ 1.7
Ru-P 1 0.051 + 0.019 3.404 6.1 +2.1
Ru-Si 1 0.051 + 0.019 2461 6.1 + 2.1
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Table 3. Olefin and Silane Scope for Hydrosilylation”

Time
Entry | Catalyst Olefin Silane Product Yield?
(h)
1 4 O PhSiH; O\ 96 88>
SiH,Ph
2 4 O/ PhSiH, O\/ 72 | 780d
SiH,Ph
3 4 W PhSiH; silane redistribution 72 <le
4 4 O Ph,SiH, silane redistribution 48 < Ibe
5 4 O PhMe,SiH silane redistribution 48 < ]be
6 5 ANNANE | PSiH; | NN NSiHPh | a8 80¢
7 5 @ PhSiH; O\ 72 92
SiH,Ph

“Conditions: benzene-d, [olefin]/[silane] = 1:1, 1 mol % Ru, 70 °C
(£ )trans-1-PhSiH,-2-Me-cyclohexane

“NIMR yield “Silane redistribution observed “Olefin isomerization observed
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Figure 4. (a) Recyclability of catalysts 4 and 5 for the hydrosilylation of cyclohexene with phenylsilane and (b) *'P CPMAS NMR spectra acquired
for samples 4 and $ both in their as-synthesized forms (black) in addition to after 4 and 7 catalytic cycles for 4 and S, respectively (red, dashed).

after 24 h of reaction, and no hydrogen was detected
throughout the course of the reaction.’”*® This also suggests
that the expected protonolysis of the Si—H moiety in PhSiH;
by surface hydroxyl groups in SO,/ZrO, is unfavorable, and
the silane redistribution is likely proton-catalyzed. Analogously,
phenylsilane was allowed to react with 4 in the absence of
cyclohexene and the results were monitored by 'H NMR
spectroscopy (Figure S10). The reaction proceeds with a mild
effervescence of H, gas along with the appearance of
polyphenylsilane resonances at 5.4—6.0 ppm and the silane
disproportionation products, indicating a ruthenium-catalyzed
silane dehydrocoupling reaction.”””° Catalyst 4, exposed to air
for 1 h, was also tested for the hydrosilylation of cyclohexene
with phenylsilane. The reaction, conducted at 70 °C and
monitored periodically by "H NMR spectroscopy, resulted in
an only 5% yield of the desired Ph(Cy)SiH, product after 96 h.
This indicates the loss of active sites during the air exposure

process of 4 and that the deactivation appears to be
irreversible.

No catalysis was observed with secondary and tertiary silanes
such as Ph,SiH, and PhMe,SiH, respectively, consistent with
prior observations in the [Cp*(‘PryP)(H),-Ru=Si(H)Ph-
Et,O][B(C4Fs)4] system employed by Tilley and co-workers,
wherein cationic ruthenium silylene species that contain at
least one Si—H bond were necessary for catalysis and
selectively transformed primary silanes.'’ To further inves-
tigate whether hydrosilylation with 4 follows a similar silylene-
driven mechanism, 1-methylcyclohexene was reacted with
PhSiH; at 70 °C for 72 h (Table 3). Analysis by NMR
spectroscopy indicated the formation of (+)trans-1-PhSiH,-2-
Me-cyclohexane in 78% yield, and the anti-Markovnikov
regioselectivity via cis-addition is consistent with the proposed
mechanism (Figure SS). The reaction of Il-octene with
phenylsilane in the presence of 4 led to the formation of

13389 https://doi.org/10.1021/acscatal.3c03399
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Scheme 4. Capping of Sulfated Zirconia Surface Acid Sites in 4 with Hexamethyldisilane to Provide SiMe;-Capped 5
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internal isomers of octene, along with silane redistribution;
however, no hydrosilylated product was observed.

To test the recyclability of 4 in the hydrosilylation of
cyclohexene with phenylsilane, the catalyst was isolated after
the reaction and resubjected to the reaction conditions several
times (Table 1). Hydrosilylation was initially performed at 70
°C for 96 h in deuterated benzene, and the catalyst was
separated by filtration, washed thoroughly with benzene-dy,
and dried for 6 h under vacuum. The dry catalyst was used for
the next run with fresh cyclohexene and phenylsilane and
similarly monitored over 96 h. This process was repeated for
four cycles, and the results are shown in Figure 4. Catalyst 4
demonstrates reasonable recyclability over three cycles with
the yields of Ph(Cy)SiH, decreasing from 88 to 61%. The
catalytic activity significantly diminished after the third cycle
(13% yield).

It was hypothesized that capping of residual Brensted acid
sites might improve the catalyst performance by suppressing
undesired background reactions such as silane redistribution,
dehydrocoupling, and olefin isomerization and polymerization.
To test this hypothesis, acid sites in 4 were capped with -SiMe;
groups via addition of hexamethyldisilane (Scheme 4),
affording catalyst S. Solid-state NMR analysis of this material
revealed signals corresponding to the same hydride, phosphine,
and silane species, suggesting that the structure of the
ruthenium complex is preserved (Figures S28—S31). Addi-
tionally, the **Si NMR spectrum showed a new signal centered
at 15 ppm, assigned to the O-TMS groups, formed as a result
of capping the surface OH groups. Phenylsilane was allowed to
react with § at 70 °C for 96 h, and this was monitored by 'H
NMR spectroscopy. Only trace amounts (<2%) of Ph,SiH,
were detected after 96 h with most of the PhSiH; remaining
unconverted, indicating that phenylsilane is stable toward the
sulfated zirconia support under reaction conditions. The
reaction of cyclohexene with phenylsilane mediated by 5 at
70 °C provides the hydrosilylated product in 91% yield after 48
h. For comparison purposes, the hydrosilylation of cyclohexene
with phenylsilane was performed with catalyst 5 and the
homogeneous silylene complex [Cp*("PryP)RuH,(=SiH-
Mes)]*[CB,,HgBrs]~ (1 mol % Ru) for 1 h at 80 °C."?
Under these conditions, the TOF of catalyst § is lower (TOF =
8 in toluene and 11 in CDCl;) than that of the homogeneous
analogues (TOF = 79 in C¢H;Br)."” The difference in activity
of § could be ascribed to multiple factors, including thermal
stability at 80 °C (e.g., TOF = 20 in toluene at 70 °C), steric
congestion of the support around the §rafted organoruthenium
fragment,27 and stronger ion-pairing ° of [Ru][ SO,/ZrO,]
related to [Ru] [CB;;H¢Brs], both of which limit the
coordination of the substrate and reagent at the Ru center,

thereby depressing the activity observed in homogeneous
systems. In a separate control experiment, sulfated zirconia was
treated with hexamethyldisilane, and the resulting material was
tested for hydrosilylation of cyclohexene with phenylsilane
under the same reaction conditions, resulting in no hydro-
silylation and only traces of Ph,SiH, detected from silane
disproportionation (5% yield, Figure S13). In addition to
suppressing undesirable side reactions, residual acid site
capping was found to dramatically increase the longevity of
the catalyst. Catalyst S is recyclable for S cycles without any
loss in its activity, as shown in Figure 4, while in subsequent
cycles, the catalyst has deactivated sufficiently to prevent
reaching complete conversion. Note that each recycle step with
5 was monitored for a constant period of time (72 h) to reach
full conversion, instead of at recommended lower conversions
(less than 50%),”" to observe the effects of passivation of the
surface acid sites. Under these conditions, catalyst $ is more
stable than catalyst 4 toward deactivation, likely due to the
lesser extent of side reactions, such as silane dehydrocoupling
and disproportionation. Post-catalysis "H and *'P solid-state
NMR experiments were performed on both catalysts and
revealed significant decomposition in 4, as observed through
the release of PCy; as the protonated phosphonium, while this
decomposition pathway was suppressed in 5 (see Figure 4b).
To further demonstrate the benefit of residual Brensted acid
site passivation, the reactions of 1-octene and phenylsilane at
70 °C in the presence of 5 were followed over 48 h. This
resulted in the conversion of 1-octene to (1-octyl)phenylsilane
in 80% yield, and internal isomers of 1-octene were observed in
20% vyield along with the unconverted phenylsilane (Table 3,
Entry 6). In contrast, the use of catalyst 4 in this reaction
resulted exclusively in olefin isomerization and silane
redistribution as mentioned above (Figures S7—S9). Thus,
olefin isomerization of terminal alkenes was significantly
reduced by capping acid sites, thereby allowing access to
hydrosilylated products in good yields.

Consolidating the experimental catalytic results, a ruthe-
nium-silylene-based mechanism, initially proposed by Glaser
and Tilley (Scheme 1b), can be inferred for this heterogeneous
system. The weakly coordinating nature of the sulfate group on
the surface likely results in electrophilic ruthenium species 4a,
which can lead to the formation of a Ru(VI) moiety [(H)Ru=
SiHPh]* under reaction conditions and is plausibly the resting
state of the catalyst. The generation of cationic [H—Ru=
SiHPh]* is necessary to facilitate catalysis based on the
proposed catalytic cycle, and the lack of reactivity of secondary
and tertiary silanes strengthens this hypothesis.
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B CONCLUSIONS

In summary, the new organoruthenium complexes Cp*RuMes-
(PCy,;) (1) and Cp*RuH(SiH,Ph),(PCy;) (2) were synthe-
sized and immobilized onto an acidic sulfated zirconia support.
X-ray and DFT studies suggested that the grafting process
leading to the formation of 4 involves protonolysis of the Ru—
Si bond instead of the Ru—H bond in Cp*RuH-
(SiH,Ph),(PCy,). Passivation of acid sites in 4 led to the
discovery of the more robust catalyst S, enabling access to the
selective hydrosilylation of terminal olefins while suppressing
olefin isomerization and silane redistribution pathways. S is a
selective, scalable, and recyclable heterogeneous hydrosilyla-
tion catalyst, exclusively converting olefins to anti-Markovni-
kov products with primary silanes via the silylene mechanism.
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