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ABSTRACT: The development of a circular economy is a key
target to reduce our dependence on fossil fuels and create more
sustainable processes. Concerning hydrogen as an energy vector,
the use of liquid organic hydrogen carriers is a promising strategy,
but most of them present limitations for hydrogen release, such as
harsh reaction conditions, poor recyclability, and low-value
byproducts. Herein, we present a novel sustainable methodology
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to produce value-added silicon precursors and concomitant ROH, 1t . Green protic solvents
hydrogen via dehydrogenative coupling by using an air- and + » Stable Co-catalyst |
water-stable cobalt-based catalyst synthesized from cheap and PhSill. + Mild conditions et

commercially available starting materials. This methodology is

applied to the one-pot synthesis of a wide range of alkoxy-

substituted silanes using different hydrosilanes and terminal alkenes as reactants in alcohols as green solvents under mild reaction
conditions (room temperature and 0.1 mol % cobalt loading). We also demonstrate that the selectivity toward hydrosilylation/
hydroalkoxysilylation can be fully controlled by varying the alcohol/water ratio. This implies the development of a circular approach
for hydrosilylation/hydroalkoxysilylation reactions, which is unprecedented in this research field up to date. Kinetic and in situ
spectroscopic studies (electron paramagnetic resonance, nuclear magnetic resonance, and electrospray ionization mass
spectrometry), together with density functional theory simulations, further provide a detailed mechanistic picture of the
dehydrogenative coupling and subsequent hydrosilylation. Finally, we illustrate the application of our catalytic system in the
synthesis of an industrially relevant polymer precursor coupled with the production of green hydrogen on demand.

KEYWORDS: hydrogen delivery, green hydrogen, alkene hydrosilylation, dehydrogenative coupling, cobalt complex, homogeneous catalysis

Bl INTRODUCTION

The combination of hydrogen and oxygen to produce green
energy and water as the only byproduct is one of the most
promising alternatives to actual carbon-based fuels." However,
hydrogen storage is still the principal limitation of using

(Scheme 1A). Such silyl ethers are value-added chemical
intermediates in the synthesis of silicones and hybrid organic—
inorganic materials. For example, the resulting product of the
hydrosilylation reaction of n-octene with triethoxysilane, (n-
octyl)Si(OEt)s, is produced in large scale (>6000 tons per

hydrogen to obtain clean energy.” In this sense, the use of
liquid organic hydrogen carriers (LOHCs) is a promising
strategy, since the energy storage density and tractability are
similar to petroleum-derived fuels.”™> Actually, several types of
LOHCs, such as cycloalkanes,6 N—heterocycles,7’8 formic
acid,”™"* or ammonia borane,"*~"° are already employed for
that purpose. Nevertheless, these LOHCs still present some
drawbacks such as the high temg)erature needed for hydrogen
release,'® production of CO,,"" ™" or difficult regeneration
processes. ">>>" All these approaches share a common
weakness: low sustainability according to a circular economy
perspective.

As an alternative approach to address these current
limitations, we turn to the dehydrogenative coupling of
hydrosilanes with alcohols, which produces silyl ethers and
hydrogen at low reaction temperatures, even at 0 °C**~**
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year) for the construction industry.”® In this sense, alkene
hydrosilylation is an atom-economic reaction employed to
synthesize monomers for the synthesis of silicon-based
materials including biomedical sensors, pressure-sensitive
adhesives, and chromatography stationary phases and
molds.”*"* Although the most common industrial method
for the production of these organosilanes uses Pt-catalysts
based on Speier’® and Karstedt’ complexes, different

Received: July 25, 2022 Stistalnable

Chemisiy: Engincerng

Revised:  November 21, 2022
Published: December 8, 2022

https://doi.org/10.1021/acssuschemeng.2c04444
ACS Sustainable Chem. Eng. 2022, 10, 16624—16633


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Silvia+Gutie%CC%81rrez-Tarrin%CC%83o"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergio+Rojas-Buzo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manuel+A.+Ortun%CC%83o"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pascual+On%CC%83a-Burgos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.2c04444&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04444?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04444?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04444?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04444?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04444?fig=abs1&ref=pdf
https://pubs.acs.org/toc/ascecg/10/50?ref=pdf
https://pubs.acs.org/toc/ascecg/10/50?ref=pdf
https://pubs.acs.org/toc/ascecg/10/50?ref=pdf
https://pubs.acs.org/toc/ascecg/10/50?ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c04444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

Scheme 1. Strategies for the Synthesis of Alkoxysilanes: (A) Dehydrogenative Coupling, (B) Alkene Hydrosilylation, and (C)

Hydroalkoxysilylation
(A) Dehydrogenative coupling (B) Alkene hydrosilylation Ph Ph !
! V! N/ i
; ' : : /\/Sl ~ i
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(C) Hydroalkoxysilylation: This work
Ph Ph
\ 7/ .
(Ph),SiH talvst R /\/SI‘OR 0 Earth-abundant catalyst: [Co] 0 Low loading: 0.1%
,SiH, catalys 4
or * Ry ROH. rt > o RO OR *+nHy 0 Stable in aerobic atmosphere 0 Mild conditions: rt.
PhSiH, R v/
R1/\/S' “Ph 0 Stable in water and protic solvents O No by-products

Table 1. Evaluation of Different Catalysts for the Catalytic Dehydrogenative Coupling of PhSiH; with Methanol”

H

| 0.1% cat QCH; OCH; OCH;
@—Sli-ll + CHOH —— O—Si-u + <;>—Si-0(ruj + <;>—Sli—0('uJ + x H,
i 16 h, r.t I i OCH;
A B C

entry catalyst” conversion (%) A (%) B (%) C (%)
1 [Co(OAC)(H,0),(tpy)]OAc (cat-1)° >99 >99
2 Co(OAc),-4H,0 >99 >99
3 Co(acac),'H,0 >99 >99
4 Co(NOs),-6H,0 33 143 187
S Fe(OAc), + tpy >99 >99
6 Fe(OAc), >99 >99
7 Ni(OAc), + tpy >99 34 66
8 Ni(OAc),-4H,0 99 s 10 85
9 Tpy 0
104 Karstedt catalyst” >99 >99

“All reactions were performed with 0.89 mmol of phenylsilane and 0.1% of catalyst in 0.2 mL of methanol under aerobic conditions. “Conversions
were determined by 'H-NMR analysis of the crude reaction mixture using 1,4-dinitrobenzene as the standard. °1 h of reaction time.

“Ppt,[ (Me,SiCH=CH,),0].

strategies based on Earth-abundant and environmentally
benign transition metals (Fe, Co, or Ni) have been developed
to enable the state-of-the-art of alkene hydrosilylation reactions
(Scheme 1B).*” Unfortunately, the extreme air and moisture
sensitivities of the catalyst precursors prevent their widespread
implementation.”> > In that line, we have recently demon-
strated the efficiency of an aerobic-stable cobalt catalyst
consisting in commercial available precursors for the selective
alkene anti-Markovnikov hydrosilylation reaction avoiding the
use of external activators.*® In addition, sustainable synthesis of
silicon precursors via hydrosilylation employing green protic
solvents has not been achieved up to date.

In the alkene hydrosilylation process, both alkoxysilanes and
hydrosilanes could be used as starting materials. However,
alkoxysilanes present the drawback of being more expensive
than hydrosilanes and can polymerize easily, so inert and low
temperature conditions are demanded in their storage to
prevent side reactions. For these reasons, the in situ production
of these alkoxysilanes from hydrosilanes coupled with the
hydrosilylation process could be tentatively employed to
produce value-added polymer intermediates (Scheme 1C).
Nevertheless, only one example for the selective anti-
Markovnikov hydroalkoxysilylation reaction has been reported.

16625

In that study, homogeneous Pd catalysts and dichloromethane
solvent are required, and subsequently, corrosive hydrogen
halides are produced as byproducts.’”

Having this target in mind, we have designed a new
methodology (Scheme 1C) which consists in the one-pot
synthesis of alkoxy-substituted silanes coupled with hydrogen
delivery using stable hydrosilanes and terminal alkenes, green
protic solvents, and the cobalt-based catalyst [Co(OAc)-
(H,0),(tpy) JOAc (cat-1).*® The presence of water molecules
in the coordination sphere makes this cobalt complex stable in
aqueous media and soluble in protic solvents. This provides an
immediate advantage over other cobalt precatalysts reported
by Thomas,>* Chirik,*>*** or Nagashima,40 in which the
presence of alkyl ligands makes them air and moisture
sensitive, and therefore, they must be handled in an inert
atmosphere using anhydrous reagents and solvents. In situ
spectroscopic experiments (electron paramagnetic resonance
(EPR), nuclear magnetic resonance (NMR), and Raman)
together with computational calculations were employed to
better understand the general mechanism for the hydro-
alkoxysilylation reaction. These results reveal that this one-pot
reaction proceeds first with the formation of alkoxysilanes via
dehydrogenative coupling.”*"** Then, the generated alkox-

https://doi.org/10.1021/acssuschemeng.2c04444
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Table 2. Evaluation of Different Catalysts for the One-Pot Hydrosilylation of Styrene with PhSiH; Coupled with Catalytic

Dehydrogenative Coupling of PhSiH; with Methanol®

OCH,

@s,_

0.1% cat

H

o
S'i-u + ©/\ —
I CH;011, 16 h, r.t

OCH, OCH;
@—s; OCH; + @—s.-(x H,
o ocHs
+ x H,

H, JOCH; HyCO, OCH;

saasNeascNeans

entry catalyst” conv. (%)”

1 [Co(OACc)(H,0),(tpy) JOAc (cat-1)° >99
2 Co(OAc),-4H,0 >99
3 Co(acac), H,0 >99
4 Co(NO,),-6H,0 3
S Fe(OAc), + tpy >99
6 Fe(OAc),"9H,0 >99
7 Ni(OAc), + tpy >99
8 Ni(OAc),-4H,0 >99
9 tpy 0
10 Karstedt catalyst” >99

A (%) B (%) C (%) D (%) E (%) F (%)
S 95
>99
>99
14.3 18.7
>99
>99
4.4 26.3 S1.8 17.5

41.4 36 22.6

34 66

“All reactlons were performed with 0.89 mmol of phenylsilane, 0.89 mmol of styrene, and 0.1% of catalyst in 0.2 mL of methanol under aerobic

conditions.

standard. “6 h of reaction time. Ptz[(Mez&CH—CHZ)ZO]

“Disappearance of phenylsﬂane determined by 'H-NMR analysis of the crude reaction mixture using 1,4-dinitrobenzene as the

ysilane reacts with the alkene via hydrosilylation. The reaction
proceeds with high selectivity to the anti-Markovnikov product
under very mild conditions (0 °C to room temperature and 0.1
mol % metal loading). Moreover, we can control the selectivity
toward hydrosilylation or alkoxysilylation processes by varying
the solvent mixture. Finally, the Co-based system presented in
this work could be applied to the synthesis of an industrially
relevant polymer precursor and to produce clean energy.

B RESULTS AND DISCUSSION

Synthesis of the Catalyst. Cobalt(Il) acetate tetrahydrate
and 2,2':6',2"-terpyridine (tpy) were employed as the cobalt
source and organic ligand, respectively, to generate the known
complex [Co(OAc)(H,0),(tpy)]OAc (cat-1) (for more
details, see the Supporting Information and Figures S1 and
S2).

Catalytic Alkoxylation Reaction of Phenylsilane with
Methanol. We initially tested the catalytic dehydrogenative
coupling reaction of phenylsilane and methanol (Table 1).
When using the cobalt catalyst cat-1, an immediate color
change from orange to dark brown and an increment of the
pressure were observed when the silane was added to the
solution of the catalyst in methanol, which indicates the
formation of the active species and the generation of hydrogen.
Complete phenylsilane conversion to the trimethoxysilane
product C was achieved at room temperature after 1 h (entry
1).

Additional homogeneous cobalt catalysts were tested for
comparison. Both acetate and acetylacetonate precursors are
active in the dehydrogenative coupling reaction (entries 2 and
3). In the case of cobalt nitrate, a mixture of di- and tri-
methoxylated products, B and C, respectively, was obtained
(entry 4). Similar iron and nickel complexes and their
corresponding precursors were next evaluated. In these cases,
iron catalysts yield complete conversion to the trimethoxylated
product C (entries S and 6), while nickel catalysts give a
mixture of products A, B, and C (entries 7 and 8). A blank
reaction with only the tpy ligand confirmed that the activity is

16626

due to the metal center of the catalyst (entry 9). Finally, the
Karstedt catalyst, the most common one in the hydrosilylation
reaction, also performed well (entry 10). These data indicate
that most catalysts present high activity and selectivity for the
dehydrogenative process. However, the benefits of cat-1 with
respect to other systems will become clear when coupling this
step to the hydrosilylation reaction.

One-Pot Synthesis of Alkoxysilanes from Phenyl-
silane and Styrene: Evaluation of the Catalytic Activity.
Once the catalytic activity of cat-1 has been studied for the
dehydrogenative coupling of PhSiH; with methanol, and taking
into account its catalytic activity in the hydrosilylation of
alkenes,”® we next pursued the dehydrogenative coupling of
silanes with alcohols coupled with hydrosilylation reaction of
alkenes to produce alkoxy-substituted silanes and hydrogen in
an one-pot process (Table 2). cat-1 produced the dimethoxy
hydrosilylated product F with 99% conversion and 95%
selectivity (entry 1). Similar to Table 1, other catalysts were
also examined. Although cobalt acetate, cobalt acetylacetonate,
and cobalt nitrate were active for the catalytic dehydrogenative
coupling reaction, they are not for the hydrosilylation process
(entries 2, 3, and 4). The same behavior is observed for iron
species, which form exclusively product C (entries S and 6).

On the other hand, the nickel salt and the complex with tpy
(entries 7 and 8, respectively) present low activity, where an
appreciable amount of styrene remains unreacted due to the
formation of the products from the dehydrogenative coupling
reaction. Another blank reaction again confirmed the catalytic
role of the metal in both dehydrogenative and hydrosilylation
steps (entry 9). Finally, for the Karstedt catalyst, both reactions
compete, and a mixture of products C and D is collected
(entry 10). These results demonstrate the superior perform-
ance of cat-1 with respect to other systems for the one-pot
reaction, both in terms of activity and selectivity.

Substrate Screening for the One-Pot Catalytic
Reaction. With these promising results obtained for cat-1,
we next explored the scope of alkene substrates and solvents
(Table 3). When the one-pot reaction was performed with

https://doi.org/10.1021/acssuschemeng.2c04444
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Table 3. Evaluation of cat-1 for the Hydrosilylation/Alkoxysilylation of Alkenes with PhSiH;"

0-1% catl I\S'/Rl +xH R, = H, OMe, OEt
AN OPHSIL NS, TR
R : solvent, 6 h, r.t R Ph
entry substrate solvent product conversion (%)" selectivity (%)
MeO\ ./OMe
la MeOH Si-en >99 >99
N EtO\s. OEt
1b O/\ EtOH “ph > 99 75
MeOH:H,0/ H,Si,H
*Ph > >
le E(OH:H,0 O/V ” ”
Meo\Si _OMe
1d MeOH Ph >99 95
@/\ EtO\Si/OE(
le EtOH ©/\’ *Ph >99 82
MeOH:H,0/ H‘s. H
1f E(OH:H,0 ©/\/ Ph >99 >99
o MeO_ OMe
1 MeOH i >99 >99
8 € ot "ph
A EtO_ OFEt
1h Hi” X EtOH i >99 90
CeHi11 tO CeHﬂ/\/SI‘Ph
MeOH:H,0/ H H
1 EtOH:H,O CoHyS1ph >99 >99

“All reactions were performed on a 0.89 mmol scale using a 1:1 silane/olefin mixture under aerobic conditions. bConversion of phenylsilane was

determined by "H-NMR analysis of the crude reaction mixture using 1,4-dinitrobenzene as the standard.

[
Ph-Sli'H + MeOH

H

H

0.1% cat-1 QMe QMe QMe
0°C Ph-Sli'H + Ph-S|i'OMe + Ph-Sli'OMe +x H,
H H OMe
A B C
1.0
—=— PhSiH,
0.8 oA
[ — B

® v C
G
*g 0.6 v
o
k]
S 0.4
£
E v

0.2

[ S
//'v v *
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0.0 0.2 0.4 0.6 08 1.0
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Figure 1. Alkoxysilylation reaction of phenylsilane (black) with methanol at 0 °C catalyzed by cat-1 to give products A (red), B (blue), and C

(green).

different alkenes and primary hydrosilanes, such as phenyl-
silane, in methanol or ethanol, the alkoxysilylated products
(dimethoxy or diethoxy, respectively) were observed as the
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main products in all cases. The catalyst is highly active for this
one-pot process under mild aerobic conditions (room
temperature and 0.1% metal loading), leading to complete

https://doi.org/10.1021/acssuschemeng.2c04444
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conversion with high selectivity in only 6 h using aromatic and
aliphatic alkenes and being selective to terminal versus internal
alkenes. Interestingly, when performing the reaction in a
mixture of one of these alcohols and water in the proportion
1:1, hydrosilylation products were obtained with high
selectivity while retaining anti-Markovnikov configuration.

The same results were obtained for secondary hydrosilanes
such as diphenylsilane: alkoxysilylated products are formed in
methanol and ethanol, while hydrosilanes are formed in a
mixture of alcohol/water in proportion 1:1 (Table S1). The
only difference was that, due to the steric impediments
generated by the aromatic rings, the reactivity with
diphenylsilane is considerably lower than that with phenyl-
silane, so the reaction time was incremented to 24 h.
Nevertheless, complete conversion and high selectivity for
the desired products were obtained under the same mild
aerobic conditions.

Unraveling the Nature of Intermediates and Catalytic
Active Sites: Kinetic, In Situ, and Computational
Studies. In order to elucidate the nature of the intermediates
in the one-pot catalytic reaction, different kinetic experiments
have been carried out. First, the alkoxysilylation reaction of
phenylsilane with methanol has been followed over time using
cat-1 (0.1 mol % Co). Since the phenylsilane conversion is
~70% after only S min at room temperature, the catalytic
reaction was monitored at 0 °C to better identify the reaction
intermediates. Under these optimized reaction conditions,
~95% PhSiH; conversion was obtained after only 1 h (Figure
1). Moreover, the yield of the hydromethoxysilane inter-
mediates A and B increases exponentially until 15 min, time
from which both begin to be converted to trimethoxysilane
product C (Figure 1). These data indicate that the inclusion of
one or two MeO groups in the silane increases its reactivity.

In a similar way, the alkoxysilylation reaction of
diphenylsilane with methanol has been studied kinetically
(Figure S3). However, due to more steric impediments, the
amount of dimethoxydiphenylsilane detected is considerably
lower even at longer reaction times. Finally, the influence of
the isotopic exchange in methanol has been studied by NMR
spectroscopy for the diphenylsilane substrate. First, the initial
amount of CD;0H (6%) in the CD;0D solvent was measured
using toluene as the internal standard. Subsequently, after the
addition of 10 equivalents of diphenylsilane, the calculated
ratio of HD/H, generated (Figure S4) was 3/1.3, confirming
an isotopic effect kyy/kp = S in this alkoxylation reaction. This
fact corroborates that the released hydrogen gas comes from
the methanol and the silane reactant.

Since the hydroalkoxysilylation reaction of phenylsilane and
styrene in methanol generates appreciable amounts of the
hydrosilylation products (Table 2, entry 1), additional NMR
studies have been performed. First, the hydrosilylation product
I was isolated and next tested in the alkoxysilylation reaction in
methanol with the cobalt cat-1 (Scheme 2a). After 16 h, the
alkoxylated product was not detected by NMR spectroscopy.
This fact means that the alkoxysilanes are first generated via
dehydrogenative coupling catalytic reaction between phenyl-
silane and methanol and then converted via hydrosilylation
reaction to the corresponding hydroalkoxysilanes. The poor
reactivity of I has been tentatively assigned to the presence of
the deactivating —CH,— group. To confirm this hypothesis,
the catalytic dehydrogenative coupling reaction of the
commercial dimethylphenylsilane J and methanol was carried
out at 25 °C with cat-1. The dimethylphenylsilane was not

Scheme 2. Alkoxysilylation Reaction of Aliphatic-
Substituted Phenylsilane: (a) Phenethyl(phenyl)silane and
(b) Dimethylphenylsilane with Methanol at 25 °C Catalyzed
by cat-1

}\I 0.1% cat-1 .
a) Ph—-Si-H + MeOH No reaction
r.t
I pn
Me 0.1% cat-1 _
b) Ph—Si-H + MeOH No reaction
Me r.t
J

converted to the alkoxysilylated product under these reaction
conditions after 16 h, corroborating that any aliphatic
substitution in the phenylsilane reduces considerably its
reactivity (Scheme 2b).

To corroborate the activity trends of silanes, we rely on
density functional theory simulations at the B3LYP level with
D3 dispersion corrections. From now on, we report Gibbs free
energies in methanol in kcal/mol. First, we inspect the
speciation of cat-1 (Scheme 3). In methanol solution, we
assume a facile conversion of cat-1 into cat-2, which is then
taken as the energy reference. Cationic cat-2 can convert into
neutral cat-3 at 5.9 kcal/mol via proton transfer. However,
these species present six-coordinate Co centers, and an open
coordination site is necessary for them to enter in the catalytic
cycle. The removal of AcOH from their coordination sphere
generates cationic cat-4 at 14.6 kcal/mol and neutral cat-§ at
21.4 kcal/mol. For both coordination arrangements, the
cationic species are favored over the neutral ones by 6—7
kcal/mol. We further investigate the removal of one methanol
molecule from cat-2 to form the six-coordinate cat-6 followed
by an intramolecular deprotonation yielding the five-
coordinate cat-7, with a Gibbs energy of 22.2 kcal/mol.
Overall, looking at the energies of five-coordinate species, we
consider cat-4 as the most feasible active species, and we will
use it for further calculations.

Once the potential catalytic species cat-4 is identified, we
now explore its reactivity toward several phenylsilanes. For
low-valent metals, the oxidative cleavage of the Si—H bond is
feasible.””** However, for our Co(II) complex, all attempts to
find such a process were unsuccessful.”* Instead, we propose
the participation of five-coordinate MeO—[Si] — transition
states that activate the Si—H bond.***® The intermediate
evolves toward the corresponding Co—hydride, which is then
quenched by the protic media and releases H,. Herein, we
focus on the first part, the cleavage of the Si—H bond in
different substrates: PhSiH; (a), PhSiH,OMe (b), PhSiH-
(OMe), (c), PhSiH,Me (d), PhSiHMe, (e), and PhSiHMe-
(OMe) (f). Figure 2 shows the Gibbs energy profile for each
substrate and their corresponding transition states. We note
that for a—c, the most stable transition states (TSs) are those
where the hydrogen being transferred is cis to MeOH;
however, these structures could not be found for d—f, and
thus, the TSs present the transferred hydrogen trans to MeOH
(Figure 2b). The relative activation barrier for the original
silane a is 8.9 kcal/mol with an overall barrier of 23.5 kcal/
mol.*” The presence of one and two MeO groups in the silane,
b and c, decreases the relative barriers down to 3.2 and 4.2
kcal/mol, respectively. This is in line with the increased activity
of methoxy-substituted phenylsilanes (Figure 1). The inclusion

16628 https://doi.org/10.1021/acssuschemeng.2c04444

ACS Sustainable Chem. Eng. 2022, 10, 16624—16633


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04444/suppl_file/sc2c04444_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04444/suppl_file/sc2c04444_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04444/suppl_file/sc2c04444_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04444?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04444?fig=sch2&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c04444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

Scheme 3. Speciation of Catalyst cat-1 in Methanol”
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Figure 2. (a) Gibbs energy profile of hydride formation, (b) transition states of the Si—H bond breaking step for several phenylsilane substrates,

and (c) 3D models for TSa and TSd.

of one and two Me groups in d and e increases the relative
barriers up to 12.8 and 16.7 kcal/mol, respectively. However,
when considering the pre-catalyst activation step, these
processes are quite demanding with an overall barrier of 27—
30 kcal/mol. That is, access to the hydride is hindered and the
reaction would not take place under mild conditions, in
agreement with the lack of reactivity of aliphatic-substituted
substrates (Scheme 2). Finally, the presence of both Me and
MeO is also considered in f, resulting in a relative barrier of
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10.6 kcal/mol and an overall barrier of 25.2 kcal/mol
Substrate f seems slightly more reactive than methylated d
and e but still significantly less reactive than methoxylated b
and c.

Once we understand the relative activity trends of silanes, we
next target the identification of the cobalt active species by
means of EPR, NMR, and Raman spectroscopy. In the EPR at
100 K, cat-1 was measured in methanol solution and after
successive addition of different silane molecules (PhSiH,,
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Scheme 4. Hydroalkoxysilylation Reaction of Phenylsilane and Styrene in Methanol Catalyzed By cat-1?
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?(1) Activation of the Si—H, (2) protonation of the Co-hydride transition state and release of a hydrogen molecule, (3) production of a second
hydrogen molecule, (4) coordination of alkene to the cobalt center, and (S) hydrosilylation reaction.

Ph,SiH,, (EtO);SiH, and Me,PhSiH) over time. The observed
g value for cat-1 in methanol (g = 2.09) is consistent with a
low spin homoleptic complex [Co(tpy),]** (S = 1/2)*® which
is in equilibrium with the reported high spin cobalt complex
[CO(’??’)(HZO)OACT— (§ = 3/2), which is silent in
EPR"” When the silane molecule was added to the
reaction media, the EPR signal was decreasing over time
(Figure SS), indicating that a new high spin cobalt specie S =
3/2 (EPR silent) is being formed. This time depends on the
silane nature, PhSiH; being the fastest and Me,PhSiH the
slowest, which needs more than 24 h to start reacting, even in
stoichiometric amounts.

This fact has been corroborated by "H-NMR where, in a first
instance, it could be seen both groups of signals, corresponding
to [Co(tpy),)** and [Co(tpy)(H,0)OAc]* in methanol
solution (Figure S1). Starting with Ph,SiH,, when 1 equiv of
this molecule is added to the catalyst solution, the signals
assigned to homoleptic complex disappear, and some new
signals start to appear (Figure S6). When another equivalent of
Ph,SiH, is added to the reaction media, the new signals
became higher and the ones corresponding to cat-1 start to
decrease. After that, when 2 more equivalents of Ph,SiH, are
added to the reaction media, only the signals which correspond
to the new cobalt species are present in the NMR spectrum
(Figure S6). This new species remains in the reaction media
after 30 min but, after 24 h, when the cobalt intermediate
disappears, only the signals from cat-1 are present in the NMR
spectrum, and there is no trace of the signals belonging to the
homoleptic complex (Figure S7). Moreover, acetic acid is
detected in the NMR spectrum, which supports the speciation
of catalyst cat-1 in methanol shown in Scheme 3. Interestingly,
the cobalt intermediate has been identified by electrospray
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ionization mass spectrometry (ESI-MS) as [Co(CH;0)-
(H,0)(Ph,SiH,)(tpy)]* (m/z = 525.1216) when 10 equiv of
Ph,SiH, are added to cat-1 solution in methanol (Figure S10).
The same behavior is observed when (EtO),SiH is added
instead of Ph,SiH, (Figure S8). However, for Me,PhSiH, we
have to wait 24 h until the signals of the new cobalt species
appear (Figure S9), which indicates that the Si—H bond is less
activated when bearing alkyl groups.

In addition, in situ Raman spectroscopy was employed to
study the intermediate Co species formed during the reaction
between the catalyst and the corresponding silane. First, cat-1
in methanol and different silanes were measured separately.
Then, solutions of cat-1 after the addition of different silanes
were studied. After the addition of PhSiH; or Ph,SiH,, bubbles
are observed, corresponding to hydrogen formation. The
catalytic reaction with these two silanes with 0.01% of catalyst
is very fast, so, when the catalyst/silane ratio is 1:10, the
process is more exothermic, in addition to heating due to the
Raman laser irradiation. In order to make the process less
exothermic and slower, (EtO);SiH was used instead. Under
these conditions, a strong band at 2256 cm™ was detected
(Figure S11 in green), and this band was clearly shifted with
respect to the Si—H bond of the silane (Figure S11 in red).
This signal was tentatively assigned to monodentate coordi-
nation of the silane to Co via OMe (see Scheme S1).>”°' The
in situ experiment with Me,PhSiH results in a mixture of
signals of cat-1 and Me,PhSiH, and the intermediate species
could not be detected due to the slowness of the reaction with
this silane as has been proved through EPR and NMR
spectroscopy (Figure S12).

Proposed Mechanistic Pathway for the Hydroalkox-
ysilylation Reaction with cat-1. With all the information
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obtained from in situ and ex situ experiments and computa-
tional studies, we propose a feasible catalytic route for the
hydroalkoxysilylation reaction of phenylsilane and styrene in
methanol catalyzed by cat-1 (Scheme 4): (1) The first step is
the activation of the Si—H bond via a five-coordinated complex
and its subsequent cleavage mediated by the Co-catalyst. (2)
The Co-hydride transition state generated in the first step is
protonated by MeOH, releasing a hydrogen molecule. At this
point, another MeOH enters in the coordination sphere of the
Co atom. (3) A second hydrogen molecule is produced in the
same way as that in step 2. (4) The double bond of styrene is
coordinated to the Co center. (5) Finally, the partially negative
charge induced by the methoxy groups to the silicon facilitates
the hydrosilylation reaction of the dimethoxyphenylsilane
intermediates and the styrene. The appreciable detected
amount of the hydrosilylation product of styrene and
phenylsilane is due to the competition of the hydrosilylation
and the alkoxysilylation reactions. Hydrosilylation could take
place from the intermediate formed in step 2, with the
consequent formation of the monomethoxylated product.
However, according to simulations, the second methoxylation
of phenylsilane is significantly faster than the first one (a vs b
in Figure 2) and would likely occur before the hydrosilylation
step.

Coupled Production of Green Energy and an
Industrially Relevant Silicon Precursor. In order to
check the real applicability of this process with cat-1, we
perform the hydroalkoxysilylation of tetravinylsilane via one-
pot catalytic dehydrogenative coupling of PhSiH; with
methanol. The resulting product is a potential precursor for
the construction of silicon-based materials (Scheme S). At the

Scheme 5. Hydroalkoxysilylation Reaction of
Tetravinylsilane and Phenylsilane To Obtain a Silicon
Precursor (Top) and a Picture of Energy Generation via
Recombination of Hydrogen Obtained in the
Hydroalkoxysilylation Reaction and Oxygen Balloon in a
Fuel Cell (Bottom)

MeO, OMe MeO\ ,OMe

AN
Si Si
= i 0.1% cat-1 PH Hs — Npn .
Si, + 4Ph-Si-H — i L8
— — 2
H MeOH, ah,rt Py~ \—\Si,”h
Meo” “oMe Me0” “ome

same time that the silicon precursor is being generated, H, is
being produced on demand at a high pressure. Therefore, from
an atom-economy perspective, this is a circular approach where
both products have powerful potential. In addition, from a
sustainable point of view, this process has been achieved in
green protic solvents. To demonstrate the added value of this
hydrogen production, the catalytic reactor was connected to
the anode of a fuel cell while an oxygen balloon was connected
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to the cathode. The green energy obtained from the
combination of hydrogen and oxygen was able to move a fan
motor (Scheme 5), although this is not its unique application.
Altogether, this experiment shows that this sustainable
methodology is a feasible and effective way to obtain a high-
value product coupled with green energy following circular
economy rules.

B CONCLUSIONS

In summary, we have developed an efficient Co-based catalytic
system for the synthesis of alkoxysilanes coupled with the
production of green hydrogen on demand under mild
conditions and low metal loading. This air- and moisture-
stable catalyst can be easily prepared from available starting
materials at the industrial scale, which is pivotal when
employing green solvents. This new sustainable methodology
can be applied to the one-pot synthesis of alkoxysilanes in high
yields, using different hydrosilanes and terminal alkenes as
starting materials. The selectivity of the process, from
hydroalkoxysilylation to hydrosilylation products, can be
controlled by tuning the water content in the alcohol media.
Experimental, in situ, and computational studies confirm that
the one-pot reaction proceeded via dehydrogenative coupling
reaction followed by hydrosilylation reaction between the
alkene and the alkoxysilane intermediates generated in the first
step. Further, EPR, NMR, Raman, and ESI-MS studies allowed
us to detect a cobalt intermediate after the coordination of
silane molecules. Overall, this work opens a new route to the
synthesis of industrially relevant polymer precursors coupled
with the hydrogen production at high pressures as byproducts,
following circular economy rules and using cheap and stable
Co-based catalysts.
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