N

N

MnBr(CO)5: a commercially available highly active
catalyst for olefin hydrosilylation under ambient air and
green conditions
Anthony Vivien, Laurent Veyre, Raphaél Mirgalet, Clément Camp, Chloé

Thieuleux

» To cite this version:

Anthony Vivien, Laurent Veyre, Raphaél Mirgalet, Clément Camp, Chloé Thieuleux. MnBr(CO)5:
a commercially available highly active catalyst for olefin hydrosilylation under ambient air and green
conditions. Green Chemistry, 2023, 25 (19), pp.7721-7728. 10.1039/D3GC02385K . hal-04192149

HAL Id: hal-04192149
https://cnrs.hal.science/hal-04192149
Submitted on 31 Aug 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://cnrs.hal.science/hal-04192149
https://hal.archives-ouvertes.fr

MnBr(CO);: a commercially available highly active catalyst for olefin hydrosilylation
under ambient air and green conditions

Anthony Vivien,? Laurent Veyre,? Raphaél Mirgalet,” Clément Camp® and Chloé Thieuleux*”

% Université de Lyon, Institut de Chimie de Lyon, Laboratory of Catalysis, Polymerization, Processes and Materials, CP2M UMR
5128 CNRS-UCB Lyon 1-CPE Lyon, CPE Lyon 43 Bd du 11 Novembre 1918, 69616 Villeurbanne, France. E-mail:
chloe.thieuleux@univ-lyon1.fr

® Elkem Silicones, R&I Chemistry, 9 rue Specia, 69190 Saint Fons, France.

Abstract

The catalytic hydrosilylation of alkenes is a major industrial reaction and a very efficient and atom-economical way to obtain functional
organosilane compounds and cross-linked materials. Platinum-based catalysts are currently preferred in the industry despite the low
availability and high cost of platinum but considerable efforts are being directed to replace Pt with non-noble metals. In this context, we
developed a robust and highly active non-noble metal catalytic system using commercially available MnBr(CO)s. It was successfully
employed in olefin hydrosilylation reactions using various functional olefins and industrially relevant silanes such as 1,1,1,3,5,5,5-
heptamethyltrisiloxane (MDHM) and polymethylhydrosiloxanes (PMHS). This system tolerates unpurified substrates and can be used in
green solvents (H,0, anisole) under ambient air, selectively yielding the anti-Markovnikov hydrosilylated products (yields up to >99%) at 70
°C using 2 mol% of catalyst. MnBr(CO)s was also successfully employed for the synthesis of cross-linked materials using dienes, carbonyl
and epoxide containing substrates with low Mn loadings (0.3 mol%) at 70 °C under ambient air.

Introduction

. . . . . 1 .2 . . 3,4,5,6 .
Organosilane products are widely used in the pharmaceutical industry,” cosmetics,” materials field, and as release coatings for labels

and adhesives.” As a result, the annual market value of silicone materials represented $3.21bn in 2021 and it is predicted an increase of the
silicone market value to $3.77bn in 2025.% One of the key products on the market, octylsiloxane, yielded from the hydrosilylation reaction
between n-octene and 1,1,1,3,5,5,5-heptamethyltrisiloxane (MDHM), is produced approximately on a 6000 ton scale annually and is used
to enhance cosmetic formulations and weatherproofing for masonry products, metal oxides and glasses.9

Selectivity, activity and stability of the catalysts are very important features for hydrosilylation reactions in industry. Over the past five
decades, precious metal catalysts, such as Pt, Rh, Ir and Ru derivatives have been used by the silicone industry to perform catalytic alkene
hydrosilylation reactions.’” In the late 1950s, Speier discovered that hexachloroplatinic acid, [H,PtClg]®H,0, was a very effective
homogeneous catalyst for alkene hydrosilylation.u’12 This discovery was key for the development of transition metal catalyzed olefin
hydrosilylation reactions and initiated the widespread implementation of platinum catalysis in the silicone industry.13 Later, due to long
induction periods associated with this catalyst and its poor solubility in polysiloxane mixtures, Karstedt introduced a
divinyltetramethylsiloxane-ligated platinum(0) catalyst that exhibited improved activity, selectivity as well as solubility in polysiloxane
compositions and is now the most established, and widely used catalyst in the silicone industry.7’14

While, in the production of organofunctional silanes, the catalyst can be recovered in most cases, it should be noted that any
hydrosilylation catalyst used in crosslinking reactions leads to the embedment of the valuable metal catalyst in the cross-linked products
(such as rubber or coatings). Consequently, high amounts of metal catalyst permanently remain in the silicone polymer products (especially
in the production of silicone release coatings). From an industrial point of view, the use of cheap and active first-row metal catalysts for the
synthesis of polysiloxane products would thus be highly beneficial. The economic consequences associated with platinum-catalyzed alkene
hydrosilylation have long been recognized by the silicone industry.15 The price volatility associated with the precious metals market, the
toxicity of heavy metals and the environmental consequences associated with mining elements of scarce abundance in the Earth’s crust are
more reasons to look for cheap, environmentally benign and abundant metals.

Consequently, in recent years, a major effort has been dedicated to the development of first-row transition metal catalysts for alkene
hydrosilylation.le’n’18 Pioneer relevant examples of abundant metal complexes are pyridine(diimine) iron dinitrogen complexes developed
by Chirik et al. which provide a high activity and exclusive anti-Markovnikov hydrosilylation of commercially important substrates with
rates and selectivity exceeding those associated with platinum.lg”zo’ﬂ’zz'23 However, these catalysts require the preparation of sophisticated
ligands and are highly air sensitive: significant obstacles to industrial interest. Recently, our group has shown that non-crystalline cobalt
nanoparticles, easily synthesized from the commercial precursor Co,(CO)g at low temperature (60°C), were extremely active in alkene
hydrosilylation under inert conditions using purified reagents and distilled solvents. These Co NPs were found to catalyze the addition of
the industrially relevant tertiary silane MD"M on a wide range of olefinic substrates, under mild conditions (30 °C or UV), yielding
exclusively the anti-Markovnikov hydrosilylated products.24 Furthermore, we also demonstrated that, in similar reaction conditions,
Co,(CO)g was an excellent non-noble metal catalyst for the synthesis of mono- and bi-functionalized PMHS oils in a one-pot reaction, with
catalyst loadings as low as 0.1 mol%.”> This complex could also perform the crosslinking of industrially relevant allyl glycidyl ether or 4-
vinylcyclohexene oxide as unconventional tethers with PMHS. This catalytic system thus offered a unique method for the cross-linking of
PMHS with traditional dienes and unconventional organic tethers, such as (un)saturated esters. These results showed that catalytic systems



based on commercially available and structurally simple non-noble metal complexes (without specific ligands) could be of interest in the
field of hydrosilylation. However, the air sensitivity of these cobalt catalysts and the need of purified reagents and distilled solvents is still
problematic for industrial applications.

Because of our interest in non-noble metal hydrosilylation catalysts, we focused our attention on manganese, which is the third most
abundant transition metal in the earth’s crust and which is considered as non-toxic.””*® The potential of manganese in the transformation
of various organic substrates®>%31323334 pag recently driven major interest in the field of olefin hydrosilylation.35 Wang et al. were able to
selectively obtain Z or E alkenes respectively via alkyne hydrosilylation reactions using peroxide containing ligands with Mn,(CO),, at 120 °C
or triphenylarsine with MnBr(CO); at 150 °C. The group of Zhang also demonstrated in 2019 that Mn,(CO);, could perform alkyne
hydrosilylation using 10 mol% of catalyst under UV irradiation after 12 hours. Alkene hydrosilylation with the same manganese complex
was described by Xie et al. using two equivalents of JackiePhos ligand at 120°C, yielding selectively the hydrosilylated alkane. By replacing
the JackiePhos ligand by iPrPNP and heating at 140°C, dehydrogenative hydrosilylation was observed. In all these aforementioned
examples, the hydrosilylation reactions were proposed to proceed through a radical mechanism involving the generation of the Mn®
species stabilized by the introduced exogenous ligands. In this context, we showed that Mn,(CO),, was able to perform hydrosilylation of
various alkenes with MD"M under mild conditions (room temperature) under UV irradiation without the use of external ligands and using
Mn loadings as low as 1 mol%. Under these experimental conditions, the anti-Markovnikov hydrosilylation products were selectively
obtained in excellent yields.36 Unfortunately, this catalytic system was found to suffer from rapid deactivation if exposed to air and
required the use of quartz glassware for optimal activation under UV irradiation; thermic activation of this catalyst being unsuccessful. In
order to overcome these constraints, we explored the reactivity of Mn(l) complexes as alternatives to Mn(0) complexes as Wang and co-
workers had shown that MnBr(CO)s was able to perform anti-Markovnikov hydrosilylation of alkenes without ligand or additives.”” This
pioneer work was however limited to the hydrosilylation of styrene derivatives with activated silanes, namely HSiMe,Bn, under N,
atmosphere with 5 mol% of catalyst in distilled hexane at quite high temperatures (up to 150 °C).

Results and discussion

In this context, as initial catalytic tests, we studied the reaction between n-octene and MD"M using standard literature conditions, i.e. a
1: 2 molar ratio of alkene : silane, using two different Mn(0) and Mn(l) complexes, namely Mn,(CO),, or MnBr(CO)S.36 The reaction was set
under argon in a 4 mL vial with concentrations of 0.825 M for n-octene (74 uL, 0.47 mmoles) and 1.650 M for MD"M (256 uL, 0.94
mmoles). Alkenes and MD"M were purified and stored under inert atmosphere in a glovebox prior to use (see ESI). Then, a solution of the
Mn catalyst (2 mol%) in distilled toluene was added to obtain a total volume of 571 pL. Importantly, an ICP-MS analysis was performed on
the commercial MnBr(CO)s complex to evaluate the presence of platinum traces in such compound. Only few ppb of Pt were found, ruling
out the potential role of Pt to catalyze the hydrosilylation reaction (see ESI).

As shown in Table 1, thermal activation (with reaction temperatures from 50 °C to 100 °C) did not yield the hydrosilylation product with

Mn,(CO),, as catalyst and no conversion of the reactants was observed (entries 1-2). In contrast, exposing Mn,(CO)4, to UV light (300 W, | =
250-420 nm) allowed octene to be selectively converted into the anti-Markovnikov hydrosilylation product with 94% yield after 4 hours
(entry 3). The activity of the Mn(l) catalyst under UV irradiation was lower than that observed with the Mn(0) complex, leading to the anti
Markovnikov product in 67% yield (entry 6) along with 6% of n-octene internal isomers (mainly 2-octene). Surprisingly, under thermal
activation, good to excellent yields were obtained at 50 °C and 70 °C in 4 hours, yielding the hydrosilylated product in 62% and 99% yields
respectively, without any traces of n-octene isomerization products (entries 4-5). Based on these promising results, the exact same
reaction was repeated under ambient air using non-purified reagents (used as received from commercial providers) and non-distilled
toluene as solvent. Under these experimental conditions, 99% of the anti-Markovnikov product was selectively obtained, showing the
robustness of the catalytic system (entry 7).
In order to increase the atom economy efficiency of the reaction, we performed the reaction with a n-octene : MD"M ratio of 1: 1, using
0.94 mmoles of both substrates. Under these specific conditions, we obtained the desired product with an excellent yield of 96% and only
traces of alkene isomerisation was detected (< 1%, Table 1 - entry 8). In the presence of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO),
the catalyst activity was quenched and only traces of the hydrosilylated products were observed (entry 9), which is compatible with a
radical mechanism, as shown in Scheme 1.
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Scheme 1 Proposed mechanism for manganese-catalyzed alkene hydrosilylation.

In this putative mechanism, a thermal cleavage of the Mn-Br bond led to the active specie (CO)sMn°®. Then, a hydrogen atom transfer (HAT)
reaction from the silane to the reactive (CO)sMn° intermediate, generating a silyl radical and (CO)sMn-H was postulated. Finally, the
addition of this silyl radical to the alkene reagent led to the formation of an alkyl radical species which underwent a HAT with (CO)sMn-H,
giving the final product and regenerating (CO)sMn°.

Table 1 Comparison between Mn,(CO);o and MnBr(CO)s for n-octene hydrosilylation

| MnBr(CO),
) ) 2 mol%
VNACINA mol7o
NS+ MesSi ?I SiMe; \(\,)/\/MDM
5 H Toluene, 5
T°Cor UV, t
1a MD"M 3a
# [Mn] Conditions Yield (%) Isom. of 1 (%)
1 Mn,(CO);o 50°C,24 h n.p. n.p.
2 Mn,(CO);o 100°C, 24 h n.p. n.p.
3° Mn,(CO)1o uv, 4 h 94 n.p
4 MnBr(CO)s 50°C,4h 62 n.p.
5 MnBr(CO)s 70°C,4h 99 n.p.
6° MnBr(CO)s UV, 24 h 67 6
7° MnBr(CO)s 70°C, 4 h 99 n.p.
8¢ MnBr(CO)s 70°C, 4 h 96 <1
9° MnBr(CO)s 70°C, 24 h <1 n.p.

n.p.: no product. Conditions: n-octene (74 pL, 0.47 mmol), MD"M (256 pL, 0.94 mmol), mesitylene as GC standard (46 pL, 0.335 mmol), [Mn] (9.4 umol, 2 mol%),
toluene (195 pL). ® UV irradiation did not lead to a significant increase of temperature (<45 °C). ® The reaction was performed under ambient air without any
purification of substrates nor toluene. © The reaction was performed under air without any purification of substrates nor toluene with a 1:1 ratio of n-octene (0.94
mmol) and MD"M (0.94 mmol). 4The reaction was carried out in the presence of TEMPO (16 equiv./catalyst).



To study the versatility of this catalytic system, we explored the hydrosilylation reaction using various alkenes. This scope of alkenes was
performed using a 1: 1 molar ratio of alkene : MD"M and all reactions were carried out under ambient air using non-purified substrates
and non-distilled toluene. The results are summarized in Figure 1. Concerning aliphatic alkenes, the anti-Markovnikov product was
quantitatively obtained with n-octene (1a), n-hexene (1b) n-decene (1c) and n-dodecene (1d) without any traces of alkene isomerization.
Good to excellent results were also observed with styrene (1e), allylbenzene (1f) and 4-phenyl-1-butene (1g) with yields of 78%, 93% and
91% respectively. The presence of an ether group was found to give the hydrosilylated products in lower yields as shown with n-butyl allyl
ether (1h) and benzyl allyl ether (1j), yielding 80% and 62% of products 3h and 3j, respectively. For the phenyl allyl ether (1i), the yield in
product 3i was higher (87%). This catalytic system was also found to tolerate the presence of ester groups: with tert-butyl acrylate (1k) and
ethyl-4-pentenoate (1l), the anti-Markovnikov products 3k and 3l were obtained with 87% and 59% vyields, respectively. Again, only anti-
Markovnikov products were obtained and no traces of C=C nor C-O cleavage were observed. Regarding styrene derivatives possessing
electron-withdrawing or electron-donating groups, the catalytic system performed well, yielding 65% of 3m and 75% of 3n. With
norbornene (10), a moderated hydrosilylation yield (40%) was observed with 100% stereoselectivity for the exo-isomer product 30. As
already observed previously with an(CO)lo,36 no reactivity was obtained with other internal alkenes or gem-alkenes and only starting
materials were recovered. Steric hindrance and the inability of the catalyst to isomerize the internal double bond, in these cases, most
likely prevent the chain-end reactivity to form the anti-Markovnikov product. However, one exception was observed with methylstyrene
for which 7% of the hydrosilylated product 3p was obtained.

Figure 1 Mn-catalyzed hydrosilylation of various terminal alkenes with MD"M under ambient air.

| MnBr(CO),
o 1.0 2 mol%
RPN+ MegSi” ST SSiMey —10% g g\ MDM
|1| Toluene,
70°C,4h,
1a-p MDHM under air 3a-p
S SAMEM S A MDM MOM @\/\ @\/\/ ©\/\/\
’ ; \M;\/ \(\/);\/ VDM MDM MDM
3a, 96% [76] 3b, 82% [69] 3c, 98% [76] 3d, 98% [79] 3e, 78% [68] 3f, 93% [84] 39, 91% [69]
FsC MDM
e 9 i i
I B )l\/\/\
neu 0" "MDM O MPM ! u\OJ\/\MDM EtO MDM
CFy
3h, 31% [25] 3i, 87% [68] 3j, 18% [12] 3k, 87% [77] 31, 59% [42] 3m, 65% [56]
/©/\/MDM @/MDM MDM /)/\MDM MDM
Y
MeO
3n, 75% [72] 30, 40% [30] 3p, 7% n.p n.p

Yields are determined by GC and the yield in brackets refers to the isolated yield. n.p.: no product. Conditions: alkene (0.94 mmol, 1.650 M, 1 equiv.), MD"M (256 uL,
0.94 mmol, 1.650 M, 1 equiv.), mesitylene as GC standard (46 uL, 0.335 mmol), MnBr(CO)s (18.8 umol, 2 mol%), toluene (added to complete a total volume of 571 pL),
70 °C, 4 hours, under ambient air.

In order to work in more sustainable conditions, we investigated the possibility to replace toluene by greener solvents and we targeted
some of the most environmentally friendly solvents: anisole, ethyl acetate and even water.?#%
As shown in Table 2, hydrosilylation of n-octene with MD"M proceeded very well in anisole, a solvent ranked as “recommended” in the
commonly used solvents listed in industry,38 yielding 95% of the anti-Markovnikov product 3a (Entry 1). With ethyl acetate, another
recommended green solvent, a moderate yield was obtained (50%) and 2% of 2-trans-octene was observed (Entry 2). Note that the
reaction also proceeded very well without solvents, yielding 96% of 3a (Entry 4). Surprisingly, when working in distilled water, 85% of
hydrosilylated product was obtained with traces of alkene isomerization. Indeed, in our experimental conditions, the Si-H bond of MD"M
did not undergo hydrolysis very rapidly, allowing the hydrosilylation reaction to proceed in water.



Table 2 Hydrosilylation of n-octene with MD"M using green solvents

| MnBr(CO),
o.1.0 2 mol%
N+ MegSiTUSIT TSiMes > \M/\/MDM
5 |l| Solvent 5
70°C, 4 h,
1a MDHm under air 3a
Entries Solvent Yield (%) Isom. of 1a (%)
1 Anisole 95 n.p
2 Ethyl acetate 50 2
3 Water 85 <1
4 None 96 <1

n.p.: no product. Conditions: n-octene (148 pL, 0.94 mmol), MD"M (256 pL, 0.94 mmol), mesitylene as GC standard (46 pL, 0.335 mmol), MnBr(CO)s (18.8 pmol, 2
mol%), solvent (195 uL), 70 °C, 4 hours, under air.

These promising results prompted us to explore the scope of the reaction in anisole, water and under neat conditions. Various alkenes and
silanes were thus evaluated under the same conditions as before (non-purified substrates and solvents, a 1 : 1 molar ratio of alkene : silane
and under ambient air). The results are summarized in Figure 2.

Concerning anisole, the results were found similar to those obtained with toluene with good to excellent yields in hydrosilylated products
3a (95%), 3b (70%), 3c (98%) and 3d (95%) when using aliphatic substrates (n-octene (1a), n-hexene (1b), n-decene (1c) and n-dodecene
(1d)). Same observation was made with the aromatic containing alkenes 1e, 1f, 1g, 1m and 1n with 76%, 94%, 87%, 61%, and 62% yields in
hydrosilylated products 3e, 3f, 3g, 3m and 1n, respectively. As with toluene, when olefinic substrates containing ether groups were used,
low yields of hydrosilylated products starting from n-butyl allyl ether (3h, 22%) and benzyl allyl ether (3], 21%) and a slightly higher product
yield from phenyl allyl ether (3j, 66%) were observed. For alkene reagents exhibiting ester groups, a lower product yield was obtained from
tert-butyl acrylate (3k, 60% vs 87% in toluene) but no significant changes were observed with ethyl-4-pentenoate (3l, 52%). Finally, the
hydrosilylation of norbornene yielded the desired hydrosilylated product 30 in 22% yield (without side reactions).

Concerning the use of water as solvent, lower yields were obtained, except for n-decene and 3,5 bis(trifluoromethyl)styrene, with product
yields close to those obtained in toluene and anisole (3¢, 90%) and 3m (62%) respectively) for the same reaction time. Slightly lower
product yields were obtained from n-octene (3a, 85%) and benzyl allyl ether (3j, 18%). Concerning the other substrates, much lower yields
were obtained: from styrene, allyl benzene and homo allylic benzene, the hydrosilylated products (3e, 3f and 3g) were respectively
obtained in 47%, 54% and 40% vs 76%, 94% and 87% in anisole. Same results were observed with n-hexene and n-dodecene, yielding
products 3b and 3d in 45% (vs 70% in anisole) and 60% (vs 95% in anisole) respectively. For the olefinic substrates containing an ester
group, the hydrosilylated products (3k and 31) were recovered with 30% and 6% vyields (vs 62% and 52% in anisole). The poor solubility of
these compounds in water was found responsible for the lower reaction efficiency as no side product was detected (no or only traces of
hydrolysis for MDHM). Surprisingly, better yields of hydrosilylated products 3h (53%) and 30 (57%) were observed from n-butyl allyl ether
and norbornene respectively.

When working in neat conditions, very good to excellent results were obtained both for aliphatic, aromatic and ester compounds, with
product yields from 69% (3n) to 99% (3d). The substrates exhibiting an ether group provided moderated to good yields with 39%, 79% and
32% for products 3h, 3i, and 3j. For norbornene, 35% of the desired product 30 was obtained. In the case of methylstyrene, whatever the
solvent, the product 3p yield remained low, ranging from 4% in water to 16% without solvent. To assess the greenness of these reactions,
E-factors were calculated with anisole as solvent. In many cases E-factor were below 5, which is within the acceptable E factor range of 1-5
for bulk chemicals production in industry.40 Exceptions were observed with products 3h, 3j, 30 and 3p due to the low products yields, with
E-factors of 5.3, 5.33, 8 and 15 respectively.



Figure 2 Hydrosilylation of various alkenes with MD"M using green solvents under air.
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Yields are determined by GC. Conditions: alkene (0.94 mmol, 1.650 M, 1 equiv.), MD"M (256 pL, 0.94 mmol, 1.650 M, 1 equiv.), mesitylene as GC standard (46 pL,
0.335 mmol), MnBr(CO)s (18.8 umol, 2 mol%), solvent (added to complete a total volume of 571 uL), 70 °C, 4 hours, under air. Calculated E-factor in bracket.

Figure 3 Mn-catalyzed hydrosilylation of alkenes with various silanes under air.

Silane = PhMe,SiH

Silane = BnMe,SiH

Ph
—
RSN

5a, 70%

Silane = Et3SiH

Et
| -Et
N

s
R '™

8a, 43%

Yields are determined by GC. Conditions: alkene (0.94 mmol, 1.650 M, 1 equiv.), silane (0.94 mmol, 1.650 M, 1 equiv.), mesitylene as GC standard (46 pL, 0.335 mmol),
volume of 571 ul) 70

MnBr(CO)s  (18.8  umol,

©\/\ ~Ph
Si
I\

4e, 77%

AJ
N

5e, 79%

6e, 63%

@\A OEt
Si

N
Eto OEt

7e, 28%

8e, 80%

2 mol%),

anisole

Ph
|-
nBu/o\/\/S'\

4h, 68%

Ph
o sr/
T '<

5h, 74%

Et
1_Et

O. Si
nBu” NN gy

6h, 81%

OEt
OEt

I/
o si
nBu” N0k

7h, 26%

H
O. Si
nBu” \/\/FI’:;Ph

8h, 44%

(added to

complete a

MnBr(CO);
2 mol%
Anisole

70°C, 4 h,
under air

¢}

tBu J\/\ _Ph
~o Si

| ~

4k, 89%

(o) Ph
1BU\OJ\/\S.)
i~

5k, 90%

o

tBu )J\/\ Et
~o Si

1 “Et
Et

6k, 94%

o

1B J\/\ _OEt
“~o Si

1 “OEt
OEt

7k, 33%

(o}

tBu J\/\H _Ph
~o Si

]
Ph

complex mixture

RIS

CF3

&

FaC

4m, 85%

CF3

F3C

10}
VAN

Ph
5m, 79%

CF3

Og
%)
\
m

E :
® i “Et
Et
6m, 78%
CF3
/@\/\ _OEt
FaC il
| "OEt
OEt
7m, 10%
CFs

In-10
-3
T
>

F3C
8m, 76%

°C, 4

Fl’h
o
MeO
4n, 94%
Ph
/@/\/Si<
MeO
5n, 75%
Et
1 _Et
Siy
o
MeO
6n, 56%
OEt
1 _OEt

Sig
MeO

complex mixture

H
Si.
| “"Ph
ISR
MeO

8n, 72%

hours,

under



To further explore the versatility of this catalytic system, we performed the hydrosilylation of 6 representative alkenes
with 5 different activated or non-activated silanes (quoted silanes 4 to 8) using anisole as solvent under ambient air at 70°C
(Figure 3). Using phenyldimethylsilane (silane 4) and benzyldimethylsilane (silane 5), very similar results were obtained for
the hydrosilylation of styrene (1e), n-butyl allyl ether (1h), tert-butyl acrylate (1k) and 3,5 bis(trifluoromethyl)styrene (1m)
with products yields from 68% for to 90%. Using n-octene and 4-methoxystyrene, different results were obtained with
product yields of 43% for 4a vs 70% for 5a and 94% for 4n vs 75% for 5n. With triethylsilane (silane 6), the anti-Markovnikov
product was obtained with moderate to excellent yields from 56% (6n) to 94% (6k). Lower activity was observed for
triethoxysilane (silane 7) with product yields from 10% (7m) to 33% (7k). The reaction of 6 with 4-methoxystyrene was
unsuccessful, leading to a complex mixture with many unidentified products. Finally, working with Ph,SiH, (silane 7)
allowed the selective formation of the anti-Markovnikov hydrosilylation with good yields for products 8e, 8m and 8n, i.e.
80%, 76% and 72% respectively. Moderate product yields were observed with n-butyl allyl ether (8h, 44%) and n-octene
(8a, 43%). The use of tert-butyl acrylate led to the degradation of the starting substrate.

With all these results in hands, we finally investigated the use of MnBr(CO)s for the synthesis of functionalized PMHS
oils and cross-linked gels as such products represent a very important class of materials that are used as adhesives binders,
ceramic and dielectric coatings, encapsulates, membranes, sealants and a lot more.> We thus investigated the reaction
between PMHS and several commercially available dienes: divinyltetramethyldisiloxane (DVTMS) and diethyl
diallymalonate (DEDAM). The Si-H containing polysiloxane (1.0 equiv. of Si-H) and 0.5 equiv. of the diene (i.e. 1.0 equiv. of
C=C) were mixed in a vial with 0.3 mol% of MnBr(CO)s in neat conditions under ambient air and the resulting solution was
heated at 70 °C. Gelation was observed with both substrates, in 2 hours for DVTMS and 20 minutes for DEDAM (Table 3 -
entries 1-2). The crosslinking reaction occurred via the hydrosilylation of both double bonds as already observed by our
group when Co,(CO)g was used as catalyst.25

Table 3 Cross-linking of PMHS with various alkenes under air.

Entries Label Alkenes Gelation time

1 4a DVTMS 2h

2 4b DEDAM 20 min

3 4c Allyl acetate 10h

4 4ad Vinyl acetate 4h

5 4e Methyl methacrylate 15 min

6 af Allyl methacrylate 2.5h

7 4g Hex-5-en-2-one 3h

Conditions: alkene (2.4 mmol, 1.0 equiv.), PMHS (2.4 mmol, 1.0 equiv. [Si-H] functionalities), MnBr(CO)s (0.3 mol% compared to Si-H
functionalities), 70 °C, under air. The samples were further post-cured at 60 °C for 24 h.

We further focused our attention to the use of other unsaturated C=0 containing compounds for the cross-linking of PMHS.
Working with unsaturated acetates led to the formation of gels after 10 hours for allyl acetate and 4 hours for the vinylic
homologue (Table 3 - entries 3-4). The reaction was faster with methacrylate compounds, leading to the cross-linked
product after 15 minutes for methyl methacrylate and 2.5 hours for allyl methacrylate (Table 3 - entries 5-6). With hex-5-
ene-2-one, a less reactive carbonyl compound, the gel was obtained after 3 hours. These results indicated that the cross-
linking reaction was not limited to esters groups but also proceeded well with acetates, acrylates and ketones. 25 NMR
studies showed that Si-O-Si bonds were formed during the reaction (see ESI) and then led to the formation of the cross-
linked polysiloxane gels. While platinum is known to catalyze the reaction between PMHS and unsaturated carbonyl
reagents, leading to the classical double bond hydrosilylation without gelation resulting from the ester group reduction,*"*
this unconventional result was also obtained when working with Co,(CO)g as catalyst under inert conditions.”

Finally, we performed the reaction between industrially relevant allyl glycidyl ether (AGE) and PMHS (internal Si—H content
~45.5 wt%) using 0.3 mol% of Mn(l) complex in neat conditions under air. The reaction led to the formation of a gel in less
than 10 minutes at room temperature (scheme 2a). We also tested 4-vinylcyclohexene oxide (VCO) as the olefinic reagent
under the same reaction conditions (Scheme 2b) and a gel was obtained in less than 10 minutes. This gelation was related
to the epoxide ring opening, leading to the formation of Si-O-C bonds that underwent further reduction and led to the
formation of Si—O-Si bridges along with alkyl pendant groups (see the 5s; solid-state spectra of the resulting gel in ESI).



In order to assess the reproducibility of such reactions, the cross-linking experiments were carried out using Allyl
methacrylate, DEDAM and AGE as olefinic partners and a second source of PMHS (purchased from another supplier). The
reactions proceeded in the same way as those using our initial batch of PMHS.

a)
a b c d
Ui
(@)
AGE
MnBr(CO)
(0,3 mol%)
PMHS5, r.t, < 10 min
1:1 ratio [C=C]:[Si-H]
a+b+c+d+e=50
b)
(o)
VvCO

| | |
_ i— Si—0 p— i—
o— D=1 B=73 =TS0
H CH,R OR
C-functionalized O-functionalized
PMHS subunit PMHS subunit

Scheme 2 Cross-linking of PMHS with AGE and VCO. Reaction conditions: alkene (3.75 mmol, 1 equiv.), PMHS (3.75 mmol, 1
equiv. [Si-H] functionalities), and MnBr(CO); (0.3 mol% compared to [Si-H]), r.t., under ambient air. The samples were
further post-cured at 60 °C for 24 h.

Me;SiO group  PMHS subunit

Conclusions

We have shown here that MnBr(CO)s is a very promising catalyst for the production of functional silanes and
cross-linked materials through olefin hydrosilylation. It was found to be highly efficient for the selective
production the anti-Markovnikov hydrosilylated products from various molecular functional alkenes and silanes
but also with PMHS polymers. We also showed here that this specific complex was able to catalyse hydrosilylation
reactions in very simple and green reaction conditions: low reaction temperature (RT to 70 °C), under ambient air
atmosphere, using non-purified substrates and green non-distilled solvents (see ESI). This is in sharp contrast with
results obtained using other non-noble metal catalysts which are highly sensitive and require purified olefins,
distilled and degassed solvents and inert atmosphere to exhibit catalytic performances. These results thus pave
the way to replacement of platinum catalysts in the silicone industry and to the development of greener and more
economically viable processes.
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