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ABSTRACT: This work describes the development of easy to prepare cobalt nanoparticles (NPs) in solution as promising alterna-

tive catalysts for alkene hydrosilylation with the industrially relevant tertiary silane MD
H
M (1,1,1,3,5,5,5-heptamethyltrisiloxane). 

The Co NPs demonstrated high activity when used at 30 °C for 3.5-7 h in toluene, with catalyst loadings 0.05-0.2 mol%, without 

additives. Under these mild conditions, a set of terminal alkenes were found to react with MD
H
M, yielding exclusively the anti-

Markovnikov product in up to 99% yields. Additionally, we demonstrated the possibility of using UV irradiation to further activate 

these cobalt NPs in order to enhance their catalytic performances, but also to promote tandem isomerization-hydrosilylation reac-

tions using internal alkenes, among them unsaturated fatty ester (methyl oleate), to produce linear products in up to quantitative 

yields.  

Introduction 

Alkene hydrosilylation is considered as a key reaction for the 

preparation of silicones and functional silanes.
1
 Currently, 

unsustainable platinum based complexes are still preferred in 

the industry and although ppm levels of catalyst are used, the 

difficulty to remove Pt from the reaction products leads to 

extra costs. For example, in the last year, the price of Pt ounce 

has varied over 20%, which should furthermore incentivize the 

development of alternatives to precious metal based catalysts 

in the long run.
2
 One current major trend in this field is to 

replace platinum with non-noble metal species. Pioneering 

reports in 1950s and 1960s described the use of Fe, Co and Ni 

complexes as alternatives to Pt. However, they were found 

either poorly selective with highly varying product yields in 

alkene hydrosilylation, accompanied by various side-reactions, 

or their use was limited to the catalytic alkene hydrosilylation 

with highly activated silanes.
3,4

 A major step forward was 

made by Chirik and co-workers in 2004 with the development 

of an iron-based complex bearing a pyridinediimine (PDI) 

ligand.
5
 This seminal work demonstrated that the use of a non-

innocent PDI ligand led to a selective anti-Markovnikov type 

alkene hydrosilylation catalyst. Further advances by the same 

group allowed to broaden the silane scope to less active ter-

tiary hydrosilanes and hydrosiloxanes with high product yields 

and selectivities.
6–9

 Additionally, very recently, other base-

metal complexes containing pincer-type ligands such as 

amido(bisoxazoline),
10

 various pyridine-based ligands,
11–13

 N-

heterocyclic carbene
14

 and isocyanides
15,16

 were reported and 

shown to provide high catalytic activities in dehydrogenative 

silylation, Markovnikov and/or anti-Markovnikov 

hydrosilylation of alkenes.
3,4,17

 While very effective in cataly-

sis, most of these complexes require the design and use of 

sophisticated ligands and additionally such complexes are 

highly sensitive to moisture or require the use of strong 

reductants or additives for catalyst activation. 

An important alternative to homogeneous non-precious metal 

catalysts in alkene hydrosilylation is to develop analogous 

heterogeneous systems, which in the recent years has gained 

momentum. Current examples of heterogeneous non-precious 

metal catalysts capable of alkene hydrosilylation have been 

prepared as supported catalysts,
18–20

 by incorporating metals 

into metal organic frameworks
21

 or layers
22

 and as dispersed 

nanoparticles (NPs) onto supports
19

. While the latter examples 

boast at times with large alkene scopes, they are currently 

limited by the choice of the silane counterpart, which, in most 

cases, involves the use of activated silanes (PhSiH3 and 



 

Ph2SiH2) that are not relevant for industrial applications. To 

bridge the gap between homogeneous and heterogeneous 

catalysis, non-supported metal NPs (i.e. suspended NPs in 

solution) have also recently been investigated. In this context, 

we demonstrated that Pt NPs exhibit the same catalytic per-

formances (rate, TON) and selectivity as molecular Pt com-

plexes (Karstedt complex for instance).
23

 These results strong-

ly suggest that molecular complexes can be rapidly trans-

formed into Pt NPs during the course of the reaction and that 

hydrosilylation of alkenes can be catalyzed by metallic surfac-

es. Along the same line, for base metals, only two literature 

precedents could be found. Obora et al. described the devel-

opment of nanosized Fe2O3 NPs in solution as nanocatalysts 

for the hydrosilylation of activated silanes
24

 while Hu et al. 

depicted that a Ni alkoxide pre-catalyst, Ni(OtBu)2·xKCl, was 

rapidly transformed into Ni NPs during the hydrosilylation 

reaction and these NPs could be the catalyst for the 

hydrosilylation of non-activated silanes.
25

 We therefore decid-

ed to explore the possibility to develop structurally simple Co 

nanoparticles as alternatives to the reported catalytic systems. 

 

Results and Discussion 

In search for a more easily prepared transition metal catalyst 

for alkene hydrosilylation reactions, we developed here a 

protocol to synthesize well-defined cobalt nanoparticles in 

solution. The synthetic procedure to yield these NPs is simple 

and quite different from those classically used in the literature 

which require the use of surfactants (amines,
26,27

 carboxylic 

acids
27,28

), stabilizing agents (polymer,
29,30

 phosphine,
31

 

olefin
32

 etc.) and/or high temperature boiling solvents (dichlo-

robenzene,
26

 diphenyl ether
33

). In this study, the protocol used 

to synthesize the Co NPs is straightforward and is based on 

previous procedures developed in our group to generate other 

metal NPs.
20,34

 The resulting cobalt NPs catalysts (namely Co-

1 to Co-4) were prepared from commercially available 

Co2(CO)8 in toluene in the presence of n-octylsilane 

(7.5 mol% compared to Co-atom) as stabilizer under 4 bars of 

H2 at different temperatures from 140 °C (for Co-1) to 60 °C 

(for Co-4) (Fig. 1a). 

The obtained Co-NPs
 
were first characterized by scanning 

transmission electron microscopy (STEM-HAADF) and the 

corresponding results are presented in Table 1 and Figure 1b 

for Co-4. These NPs are very small in size (ca. 1.6-2.1 nm) 

and their average size seems to be independent from the tem-

perature (60-140 °C) used for the NPs preparation (Table 1 

and Fig. S1-S4). Additionally, UV-vis spectra were measured 

for all Co-NPs and for the starting material, Co2(CO)8. Ac-

cording to Fig. 1c, the absorption band belonging to Co2(CO)8 

at 352 nm has disappeared for all Co-NPs systems, in agree-

ment with the consumption of the starting material.  

Figure 1. a) Synthesis of cobalt nanoparticles. b) STEM im-

age and nanoparticles size distribution of Co-4. c) Representa-

tive UV-vis spectra of Co-1 to Co-4 and Co2(CO)8 in toluene 

(all concentrations are 3.4·10
-4

 M). d) Excerpt of DRIFTS 

spectra in the characteristic CO stretching region (2125-1775 

cm
-1

) of Co2(CO)8 (in red) and Co-4 (in blue). 

 

Further characterization is provided by the overlaid DRIFT 

spectra of Co2(CO)8 and Co-4 (the most active catalyst, see 

below). Fig. 1d reveals that the characteristic υCO signals of 

Co2(CO)8 at 2069 and 2058 cm
-1

 have disappeared and that 

four new signals at 2101, 2065, 2048 and 2025 cm
-1

, attributed 

to terminal carbonyl stretches, have appeared. Additional 

spectral changes have occurred in region 1900-1800 cm
-1

, 

where the signals of Co2(CO)8 at 1899, 1869 and 1838 cm
-1

 

have given way for new signals at 1860, 1849 and 1815 cm
-1 

for Co-4. Similar changes have occurred for all Co catalysts 

(for Co-1, Co-2 and Co-3, see Figures S7 and S8 in SI). Over-

all, these IR results suggest that these Co nanoparticles possess 

specific surface sites containing bound CO ligands which are 

different from those found in the starting precursor, Co2(CO)8, 

and could be the key for catalysis. For comparison a cobalt 

precursor with no carbonyl ligand, Co(C8H12)(C18H13), was 



 

used to prepare Co nanoparticles using the same synthetic 

procedure. In this case, the Co nanoparticles were found simi-

lar in size distribution (see Fig. S5), but inactive in 

hydrosilylation reaction. To attribute the catalytic activity in 

alkene hydrosilylation exclusively to cobalt, ICP-MS (induc-

tively coupled plasma mass spectrometry) analysis was carried 

out on the starting material (Co2(CO)8) and the most active 

catalyst Co-4. As expected, no Pt or traces of Pt were detected 

(below 0.05 ppm of Pt for Co2(CO)8  i.e. below the detection 

limit of the apparatus and ca. 0.04 ppm of Pt for the Co-4) 

which cannot account for the catalytic activity. 

 

Table 1. The average size of Co nanoparticles 

Catalyst Co-1 Co-2 Co-3 Co-4 

Average size, nm 1.6±0.2 1.8±0.3 1.9±0.5 2.1±0.4 

Synthesis temper-

ature, °C 
140 120 80 60 

 

The obtained solutions of Co NPs were tested as catalysts in 1-

octene hydrosilylation using an industrially relevant tertiary 

silane, namely 1,1,1,3,5,5,5-heptamethyltrisiloxane (MD
H
M). 

As summarized in Table 2 (entries 1-4), we screened the effect 

of catalyst preparation temperature on the catalyst activity. 

The catalytic tests were carried out at 30 °C with a catalyst 

loading of 0.2 mol% and a 1:1 molar ratio of 1-octene:MD
H
M. 

In all cases, the reaction reached >97% of 1-octene conversion 

and gave rise exclusively to the anti-Markovnikov 

hydrosilylation product along with internal octene isomers. 

Entries 1 and 2 (Table 2) demonstrate how the high tempera-

tures (>120 °C) used to prepare nanoparticles Co-1 and Co-2 

are detrimental for the reaction outcome with an extensive 

isomerization of 1 (95%) into internal isomers and formation 

of <2% of anti-Markovnikov hydrosilylated product after 7 h 

at 30 °C. Gratifyingly, lowering the temperature of the catalyst 

preparation to 80 °C (Co-3) raised the hydrosilylation yield to 

13% (entry 3), while lowering it further to 60 °C (Co-4) led to 

a drastic improvement of the hydrosilylation reaction with a 

product 3a yield of 70% (entry 4). Contrary to the previous 

entries, where isomerization was the dominant reaction, the 

use of catalyst Co-4 led to substantially less internal isomers 

(yield < 30%). Overall, these data show that the Co NP prepa-

ration temperature strongly influences the catalytic perfor-

mances in alkene hydrosilylation reaction and therefore for the 

upcoming studies, Co-4 was chosen as the catalyst. On a fur-

ther note, we would like to emphasize that Co-4 is the first 

Co-based example in the family of NP alkene hydrosilylation 

catalysts (currently limited to Fe, Pt and Ni)
20,24,25

. 

 

Table 2. Preliminary screening of the catalytic conditions 

and the dependence of the nanoparticle synthesis tempera-

ture on the catalysts selectivity.
a 
 

 
# Cat. T(s). 

(°C)b 

Conv. 

1, % 

Conv. 

2, % 

Isom., 

%c 

Yield of 

3a, % 

1 Co-1 140 97 20 95 <2 

2 Co-2 120 97 8 95 <2 

3 Co-3 80 >99 13 85 13 

4 Co-4 60 >99 70 29 70 

[a] Conditions: 1-octene (74 µL, 0.47 mmol, 0.825 M), MDHM 

(128 µL, 0.47 mmol, 0.825 M), mesitylene as GC standard (46 

µL), Co catalyst (42 µL), toluene (281 µL). Conversions of start-

ing materials and formation of product are based on GC. [b] T(s) 

– Synthesis temperature of the cobalt NPs. [c] Isomerization (%) 

corresponds to the sum of formed isomers. 

 

With Co-4 in hand, we further studied the influence of alkene 

and silane concentrations on the hydrosilylation reaction out-

come. When the hydrosilylation reaction is carried out with a 

1:1 ratio of 1-octene:silane at 0.825 M concentration (Table 3 

entry 1), 70% of hydrosilylated product, 3a, is formed along 

with 29% of octene isomers. Doubling the concentration of 

both substrates to 1.650 M (entry 2) leads to improved yield of 

86% for product 3a. These results from entries 1 and 2 suggest 

that for high hydrosilylation yields the overall concentration of 

substrates is important. Furthermore, a two-fold excess of 

silane was used at 0.825 M concentration (entry 3), which led 

to 70% of hydrosilylated product after 7 h. This suggests that 

the impact of silane concentration is more important than that 

of the alkene. Doubling both starting materials concentrations 

leads to an increase of the yield from 70% after 7 h (entry 3) to 

>95% within 3.5 h of reaction (entry 4, TON 475, TOF 135 h
-

1
), which is comparable to the state of the art results reported 

in the literature (>95%).
7,9,35

 These results demonstrate that 

higher initial concentrations of starting materials and the use 

of excess of silane improves dramatically the overall yield of 

hydrosilylation product. However, it is worth noting that the 

use of a stoichiometric amount or an excess of silane is not 

mandatory to obtain high yields in product 3a, as demonstrat-

ed in Table 3 entry 5. Here, 86% yield of 3a is reached within 

7 h when using excess of 1-octene with an initial concentration 

of 2.20 M. 

To highlight the unique features of Co-4 as a NP catalyst, we 

compared its reactivity (entry 4) with its starting material, 

Co2(CO)8, under the same experimental conditions (entry 6). 

The catalytic system employing Co2(CO)8 was found much 

less active, reaching a maximum yield of only 36% (vs >95% 

for the Co NPs). 

 

  



 

Table 3. Screening of the alkene/silane concentrations on 

the formation of hydrosilylated product 3a using cobalt 

catalyst Co-4.
a
 

 
# Conc. 1 

(M) 

Conc. 2 

(M) 

Conv. 1 

3.5 h (%) 

Isom. of 

1 3.5/7 h 

(%)b 

Yield of 3 

3.5/7 h 

(%)c 

1 0.825 0.825 >99 39/29 60/70 

2 1.650 1.650 >99 20/14 79/86 

3 0.412 0.825 >99 48/30 51/70 

4 0.825 1.650 >99 4/3 >95/>95 

5 2.200 1.650 >99 44/40 78/86 

6 0.825 1.650 >99 63/63 36/36d 

7 0.825 1.650 >99 /55 /44e 

8 0.825 1.650 >99/97f 3/35f >95/62f 

[a] Conditions: 1-octene (37-148 µL, 0.24-0.94 mmol), MDHM 

(64-256 µL, 0.24-0.94 mmol), mesitylene as GC standard (26-83 

µL), Co-4 (42 µL), toluene (0-345 µL). Conversion of 1 is based 

on GC. [b] Isomerization of 1 (%) corresponds to the sum of 

formed 1-octene isomers. [c] Formation of product is based on 

GC conversion of the limiting substrate. [d] 0.2 mol% (per Co-

atom) of Co2(CO)8 was used instead of Co-4. [e] 0.05 mol% of 

Co-4 was used. [f] After 3.5 h, 0.47 mmol of 1 and 0.47 mmol of 

2 were added. The conversion of 1, the yield of isomerization of 1 

and the yield in product 3a correspond to the newly added 1 after 

3.5 h of reaction. 

 

Moreover, to further demonstrate the applicability of Co-4 in 

industrial processes, the hydrosilylation of 1-octene with 

MD
H
M was carried out with only 0.05 mol% catalyst loading 

to give 44% of hydrosilylation product after 7 h (entry 7, TON 

880, TOF 125 h
-1

). Thus, when used with an appropriate con-

centration of silane to prevent octene isomerization, this Co-4 

system was found very active and selective whatever the ole-

fin:silane ratio. Furthermore, it is worth pointing out that 

throughout the reaction a tandem isomerization-

hydrosilylation reaction occurs, that allows the conversion of 

internal octene isomers into 1-octene (as shown by the de-

crease of isomerization yield in Table 3) and further 

hydrosilylation of the latter. Finally, the reusability of our 

catalytic system was studied. As Co-4 is composed of very 

small Co NPs in solution, its separation from the products 

would be very difficult, requiring a multistep procedure to 

precipitate, wash and re-disperse the NPs. We therefore decid-

ed to test its reusability by adding a new batch of substrates 

(0.47 mmol of 1 and 0.47 mmol of 2) on top of the spent cata-

lyst in solution (entry 8 Table 3). After 3.5 h of reaction, a 

quasi-complete conversion of 1 (97%) was observed and 62% 

yield of product 3 was reached, showing that the catalyst is 

still active and can be successfully re-used. However, one can 

notice an increased proportion of internal octene isomers 

(36%) with respect to that observed (3%) after addition of 

substrates on the fresh catalyst.  

Based on these results, we decided to use the reaction condi-

tions of entry 4 for the following alkene scope tests, which are 

summarized in Scheme 1. Moving from 1-octene to the corre-

sponding cyclic analogue, vinylcyclohexane, we obtained the 

anti-Markovnikov product 3b in 71% yield after 3.5 h of reac-

tion alongside isomers (<30%) of the starting material 

(Scheme 1, entry 1). However, when simple non-isomerizable 

terminal alkenes such as styrene and tert-butylethylene (TBE) 

were used at 30 °C with MD
H
M, we obtained rather poor 16% 

and 42% yields of respective hydrosilylated products 3c and 

3d. In contrast, excellent results were obtained with the bulky 

heptamethyl-3-vinyltrisiloxane (MD
Vi

M) substrate, which 

reacted quantitatively with MD
H
M yielding exclusively the 

hydrosilylated product 3e. 

Next, we turned our interest to allyl group containing sub-

strates, which are known to be notoriously difficult to selec-

tively hydrosilylate as competing alkene isomerization
36 

and 

C–O cleavage for allyl ethers
37–39

 is frequently observed. Grat-

ifyingly, hydrosilylation of allyloxytrimethylsilane leads to 

86% of the expected hydrosilylation product 3f along with a 

small amount of alkene isomerization (14%). When benzyl 

allyl ether is used, 75% of expected product 3g is formed 

alongside with 24% of internal alkene isomers. The same high 

reactivity was not however seen with allyl acetate, which led 

to a meagre 21% yield of expected product 3h. Interestingly, 

when the alkene functionality is further away from the ester 

group, such as in ethyl-4-pentenoate, the reaction afforded the 

hydrosilylated product 3i in excellent yield (88%). To further 

demonstrate the applicability of this Co-4 catalyst with indus-

trially relevant substrates, we carried out the hydrosilylation of 

allyl glycidyl ether with MD
H
M. As shown in Scheme 1, the 

Co-4 nanoparticles are highly reactive and selective towards 

the hydrosilylation of the allyl group, leading to the 

hydrosilylation product 3j in quantitative yield with no detect-

able C=C bond isomerization. 

While most of the examples have led to the expected anti-

Markovnikov products in excellent yields, three substrates 

(styrene, TBE and allyl acetate) were found problematic. One 

option to enhance the reactivity of Co-4 catalyst would be to 

vacate a binding site on the catalyst surface. For carbonyl 

containing species, this strategy was tested in 1980 by 

Wrighton’s group when they activated Et3SiCo(CO)4 towards 

the hydrosilylation of 1-pentene with Et3SiH under UV irra-

diation.
40

 More recently the beneficial effect of UV light on 

the reaction outcome has been demonstrated on iron
41

 and 

manganese
41,42

 catalysts containing bound CO ligands in the 

reduction of aldehydes, ketones and carboxylic acids with 

silanes. It is also worth noting that hydrosilylation of amides 

was also found possible using Co2(CO)8 under UV irradiation 

or thermal conditions (100°C).
43

 We therefore carried out the 

same reactions under UV irradiation (>250 nm) using 300 W 

Asahi Spectra Xenon Lamp (Max303) instrument (results in 

blue in Scheme 1). The beneficial effect of UV irradiation is 

most clearly seen with styrene, where the 16% yield of 3c 

obtained under thermal reaction conditions has rocketed to 

90% under UV irradiation. Moreover, TBE has demonstrated a 

drastic yield increase for 3d from 42% under thermal condi-

tions to 73% after 3.5 h of UV irradiation. For all other entries 

in Table 1, comparable or higher yields under UV conditions 

were achieved (except for 3g). Additionally, it is worth em-

phasizing the fact that six out of the nine hydrosilylation prod-

ucts shown in Scheme 1 have never been reported with non-

precious metal catalysts, therefore demonstrating the wide 

potential of using this specific Co-4 catalyst in alkene 

hydrosilylation with industrially relevant MD
H
M under ther-

mal and UV conditions. Our current explanation for this im-

pressive increase of hydrosilylation yield under UV irradiation 

is that UV irradiation allows the decoordination of CO ligands 



 

at the surface of the NPs that liberates specific active sites 

responsible for hydrosilylation (as known with metal carbonyl 

complexes) and/or help to decoordinate the substrate or prod-

uct from the NPs surface.  

 
Scheme 1. Co-4 catalyzed hydrosilylation of various termi-

nal alkenes with MD
H
M.

a
 

 

[a] Conditions: alkene (0.47 mmol, 0.82 M, 1 eq), MDHM (256 

µL, 0.94 mmol, 1.650 M, 2 eq), mesitylene as GC standard (46 

µL), Co-4 (0.92 µmol, 0.2 mol%), toluene (91-171 µL). Bn – 

benzyl. [b] The yield in brackets refers to the isolated yield, while 

the yield in square brackets refers to the sum of alkene isomers by 

the end of reaction time. n. d – not detected. [c] State of the art 

examples correspond to the highest yield of corresponding 

hydrosilylation product catalyzed by non-precious metal com-

plexes. n.r – not reported. [d] No change in yield after 3.5 h of 

reaction time. 

 

Finally, to further clarify the versatility of the present catalytic 

system, other challenging substrates containing cyano and 

amido groups (3-pentenenitrile, predominantly as the trans 

isomer, and N,N-dimethylacrylamide) and geminal-alkenes (α-

methylstyrene) were also tested. Unfortunately, 

hydrosilylation did not proceed with 3-pentenenitrile and N,N-

dimethylacrylamide and only 3% of hydrosilylated product 

was detected with α-methylstyrene, under thermal and UV 

conditions.  

As demonstrated by the results from Table 3, Co-4 can pro-

mote tandem isomerization-hydrosilylation of internal alkenes 

formed during the reaction. Taking advantage of such results, 

we decided to study the possibility to transform otherwise 

inactive internal alkenes into anti-Markovnikov 

hydrosilylation products through tandem isomerization-

hydrosilylation reaction. Currently there are only few exam-

ples reporting non noble metal systems capable of performing 

the tandem isomerization-hydrosilylation of internal hexenes 

or octenes with pentamethyldisiloxane, (MeO)3SiH, 

(EtO)3SiH, Et2SiH2 Ph2SiH and PhSiH3 in 61-97% 

yields.
16,21,25,44–46

 The present Co-4 catalyst was first tested in 

the hydrosilylation of 2-trans-octene, 1-methyl-1-cyclohexene 

and methyl oleate under standard thermal conditions at 30 °C, 

but no hydrosilylated products were detected. However, when 

the samples were left under UV-irradiation (λ > 250 nm), the 

efficient isomerization of the internal C=C bond occurred, 

giving rise to the terminal alkylsilane products (Scheme 2). 2-

trans-octene demonstrated the fastest tandem isomerization-

hydrosilylation reaction as after 3.5 h of UV irradiation, >99% 

of the starting material was selectively converted into the 

linear alkylsilane 3a (Scheme 2a). Alternatively, the tandem 

isomerization-hydrosilylation reaction can be carried out using 

higher wavelength UV light. For example, when the same 

reaction mixture was irradiated with >300 nm and >350 nm 

UV light, yields of 3a were 89% and 86% respectively, 

demonstrating the possibility of using more affordable lower 

energy light sources. Similar tandem isomerization-

hydrosilylation of 2-trans-octene with MD
H
M was carried out 

by Sunada et al. but at much higher temperature (80 °C) and 

using significantly higher catalyst loadings (3 mol%) of a Fe-

complex to obtain the same linear product 3a in 82% yield.
47

 

To further demonstrate the versatility of this Co-4 catalytic 

system in tandem isomerization-hydrosilylation of internal 

alkenes, we chose 1-methyl-1-cyclohexene as a more chal-

lenging substrate. Irradiating 1-methyl-1-cyclohexene together 

with MD
H
M in the presence of 0.2 mol% of Co-4 led to 35% 

of exocyclic alkylsilane product 3k after 16 h of UV irradia-

tion (Scheme 2b). While the latter two internal alkenes were 

successfully hydrosilylated to their corresponding linear prod-

ucts, they were lacking additional functional groups which 

could offer further options for functionalization. In light of the 

possibility to utilize otherwise inert internal alkenes for the 

exclusive chemoselective synthesis of anti-Markovnikov 

products, we tested if unsaturated fatty ester derivatives con-

taining two types of functionalities could be selectively 

hydrosilylated. Note that this reaction was never reported as 

such using directly unprotected fatty esters and a non-noble 

metal catalyst. The only example from Hu’s group demon-

strated the tandem isomerization-hydrosilylation of TBS-

protected oleyl alcohol (TBS – tert-butyldimethylsilyl) with 

(EtO)3SiH using 10 mol% of Ni-catalyst. While reasonable 

45% yield of linear product was obtained after 24 h, the reac-

tion was plagued by low selectivity, as both the 

hydrosilylation and dehydrogenative silylation products were 

obtained and the protection of the functional group was need-

ed.
25

 

 



 

Scheme 2. Co-4 catalyzed tandem isomerization-

hydrosilylation of internal alkenes under UV irradiation.
a
 

 

 [a] Conditions: alkene (0.47 mmol, 1 eq), MDHM (256 µL, 

0.94 mmol, 2 eq), mesitylene as GC/NMR standard (46 µL), Co-4 

(0.92 µmol or 9.24 µmol, 0.2 or 2.0 mol%), toluene (0-171 µL). 

Irradiation was carried out at room temperature and no major 

temperature increase (up to 45 °C) was observed under irradia-

tion. Formation of products are based on GC for a) and b), and on 
1H NMR for c). The yield in brackets refers to the isolated yield. 

Contrary to this literature example, the present system was 

able to isomerize unprotected methyl oleate to terminal C18:1 

fatty ester and gave rise to the linear hydrosilylated product 3l 

(along with internal isomers of methyl oleate) in good yield 

(56%) after 24 h of UV irradiation using 2 mol% of the Co-4 

catalyst (Scheme 2c). It is worth noting here that the starting 

Co2(CO)8 used in the exact same conditions was completely 

inactive. We hope this remarkable Co-4 catalyst will inspire 

further research into the valorization of renewable unsaturated 

fatty acid derivatives using such non precious-metal catalysts. 

 

Conclusion 

We have developed here a remarkable noble-metal free cata-

lytic system based on very small cobalt nanoparticles. These 

NPs are prepared via an easy procedure (low temperature, no 

surfactant, no high boiling point solvents) with readily acces-

sible starting materials (Co2CO8 and n-octylsilane). The 

hydrosilylation results using various Co NPs catalysts demon-

strated the important role of the catalyst preparation tempera-

ture and the concentrations of alkene and MD
H
M to reach very 

high conversion and yields. The best catalytic system was 

found capable of hydrosilylating various alkenes with non-

activated industrially relevant MD
H
M at low temperature 

(30 °C) with or without UV irradiation and with effective 

catalyst loading at 0.2 mol%. In all cases, a selectivity towards 

the exclusive anti-Markovnikov hydrosilylation product was 

observed with yields up to >99%. Furthermore, these cobalt 

nanoparticles were also found to catalyze the tandem isomeri-

zation-hydrosilylation of internal alkenes such as 2-trans-

octene and 1-methyl-1-cyclohexene under UV irradiation. 

Finally, as a more challenging substrate we also reported here 

the unique tandem isomerization-hydrosilylation of unprotect-

ed fatty ester (methyl oleate), leading exclusively to the linear 

silylated product. 

 

Experimental Section 

General Methods. Unless otherwise noted, all reactions were 

conducted in oven-dried vials with a magnetic stir bar under 

an argon atmosphere. Toluene and mesitylene were distilled 

from sodium benzophenone ketyl radical and stored under 

argon in a glovebox. Co2(CO)8 was used as received and 

stored under argon in a glovebox freezer at -40 °C. Methyl 

oleate (from Nu-Check Prep, Inc) was degassed by freeze-

pump-thaw cycles, stored for 4 h over Selexsorb® CD and 

then stirred for 3 days with activated alumina. Various alkenes 

were first passed through short plug of silica, degassed by 

freeze-pump-thaw cycles and used without further purifica-

tion. Short plug column chromatography was performed with 

Macherey-Nagel Silica 60 M silica gel (0.04-0.063 mm). 
1
H, 

13
C{

1
H}, 

29
Si{

1
H} NMR, HSQC and HMBC spectra were 

recorder on Bruker AC 300 MHz instrument. Chemical shifts 

(δ) are given in parts per million (ppm) referenced to the ap-

propriate solvent peak (
1
H NMR: CDCl3 at 7.26 ppm, CD2Cl2 

at 5.32 ppm. 
13

C NMR: CDCl3 at 77.16 ppm, CD2Cl2 at 53.84 

ppm). The data are reported as follows: chemical shift (ppm), 

multiplicity (s = singlet, t = triplet, p = pentet, dd = doublet of 

doublets, dddd = doublet of doublet of doublet of doublets, 

nfom = non-first order multiplet, br. s = broad singlet, br. m = 

broad multiplet, m = multiplet), coupling constant J (Hz) and 

integration. Structural assignments were made with additional 

information from gHSQC and gHMBC experiments. High 

resolution mass spectra were measured on a Bruker QTOF 

Impact II at Centre Commun de Spectrométrie de Masse. 

Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

(DRIFTS) spectra of solid compounds were collected from a 

Thermo Scientific Nicolet 6700 FT-IR spectrometer equipped 

with an MCT detector (64 scans, resolution 2 cm
-1

, 298 K). 

The reported spectra are presented in a Kubelka-Munk format. 

Transmission Electron Microscopy (TEM) of the cobalt col-

loids was performed at the “Centre Technologique des Micro-

structures”, University Lyon 1, Villeurbanne, France, with a 

JEOL2100F transmission electron microscope, using an accel-

eration voltage of 200 kV under inert conditions. The samples 

were prepared by depositing a drop of colloidal solution on a 

copper grid covered by a carbon film and letting it dry. Induc-

tively coupled plasma mass spectrometry (ICP-MS) analysis 

was carried out by Mikroanalytisches Labor Pascher (Germa-

ny) on (Co2(CO)8) and on Co-4.Gas chromatography analysis 

was performed on HP 6890 chromatograph with a HP5 (5% of 

phenylmethylsiloxane) column (30 m length, 320 µm of diam-

eter, 0.25 nm of thickness) equipped with flame ionization 

detector (FID). Throughout the study mesitylene was used as 

GC internal standard to obtain the GC yield for products 3a-

3k. For all of the UV experiments Asahi Spectra Xenon Light 

Source 300 W (Max303) instrument was used without any 

filters, unless stated otherwise. The wavelength of the light is 

ca. 250-420 nm and the reaction mixture can warm up to 45 

°C during the irradiation. At the end of thermal or UV reaction 

the mixture was passed through short plug of silica (pentane 

was used as eluent) to remove catalyst and volatiles (remain-

ing starting materials) were removed under reduced pressure at 

50 °C to give clear liquid product. 

Preparation of Co-NP catalysts (Co-1, Co-2, Co-3, Co-4). A 

dry 300 mL Fisher-Porter reaction vessel was charged in a 

glovebox with Co2(CO)8 (188 mg, 0.55 mmol), 50 mL of 

toluene and n-octylsilane (16 µL, 7.5 mol% compared to Co-

atom). The solution was quickly degassed to remove argon, 

then put under H2 (4 bars) atmosphere, and stirred at corre-

sponding temperature (60 °C, 80 °C, 120 °C or 140 °C) for 24 

h. The solution was then left to cool down to room tempera-



 

ture, depressurized and stored under argon in a Schlenk flask. 

The resulting brownish to light red solutions contained 22 

µmol/mL of cobalt and could be stored at room temperature or 

at -40 °C under inert atmosphere without noticeable loss of 

activity after several months. 

General procedure for alkene hydrosilylation with MD
H
M.  

In an argon filled glovebox, a 4 mL vial was charged with the 

appropriate alkene (0.47 mmol, 1 eq), MD
H
M (256 µL, 0.94 

mmol, 2 eq), mesitylene (46 µL, 0.6 mmol, GC standard), Co-

4 catalyst (42 µL, 0.93 µmol, 0.2 mol%) and a stirring bar. 

The reaction volume was adjusted by adding corresponding 

amount of toluene to reach total volume of 571 µL. The reac-

tion mixture was stirred for the indicated time at 30° (oil bath 

temperature) and quenched with wet pentane for GC experi-

ment (ca. 0.5 mL). For reactions conducted under UV irradia-

tion the vials were placed against the collimator and wrapped 

with aluminum foil for the duration of the reaction. 

Gram scale alkene hydrosilylation with MD
H
M. In similar 

fashion to the general procedure, the mixture of 1-octene (592 

µL, 3.77 mmol, 1 eq), MD
H
M (2048 µL, 7.54 mmol, 2 eq), 

mesitylene (368 µL, 2.65 mmol, GC standard), Co-4 catalyst 

(336 µL, 7.44 µmol, 0.2 mol%) and toluene (1224 µL) gave 

rise to hydrosilylation product 3a (>98% GC yield after 3.5 h) 

in 94% isolated yield (1187 mg, 3.55 mmol). 

Procedures for internal alkene hydrosilylation with 

MD
H
M.  a) In an argon filled glovebox, a 4 mL vial was 

charged with 2-trans-octene (74 µL, 0.47 mmol, 1 eq), MD
H
M 

(256 µL, 0.94 mmol, 2 eq), mesitylene (46 µL, 0.6 mmol), Co-

4 catalyst (42 µL, 0.2 mol%), toluene (153 µL) and a stirring 

bar.  

b) In an argon filled glovebox, a 4 mL vial was charged with 

1-methyl-1-cyclohexene (56 µL, 0.47 mmol, 1 eq), MD
H
M 

(256 µL, 0.94 mmol, 2 eq), mesitylene (46 µL, 0.6 mmol), Co-

4 catalyst (42 µL, 0.2 mol%), toluene (171 µL)  and a stirring 

bar.  

c) In an argon filled glovebox, a 4 mL vial was charged with 

methyl oleate (160 µL, 0.47 mmol, 1 eq), MD
H
M (256 µL, 

0.94 mmol, 2 eq), mesitylene (46 µL, 0.6 mmol), Co-4 cata-

lyst (420 µL, 2.0 mol%) and a stirring bar. The catalytic reac-

tion was monitored by 
1
H NMR using mesitylene as internal 

standard. For comparison 2.0 mol% (per Co-atom) of 

Co2(CO)8 was used as the catalyst for the same reaction, but 

no formation of 3l was detected.  

All the samples were covered with aluminum foil and left 

stirring for corresponding time under UV irradiation (>250 

nm). 

Synthesis of 1,1,1,3,5,5,5-heptamethyl-3-octyltrisiloxane (3a). 

The title compound 3a was obtained as a colorless liquid (147 

mg) in 93% isolated yield. 
1
H NMR (300 MHz, CDCl3): δ = 

1.34-1.24 (br. m, 12H), 0.88 (t, J 6.6 Hz, 3H), 0.48-0.42 

(nfom, 2H), 0.09 (s, 18H), -0.01 (s, 3H). The spectroscopic 

data correspond to the reported data.
48

 

Synthesis of 1,1,1,3,5,5,5-heptamethyl-3-(2-

cyclohexylethyl)trisiloxane (3b). The title compound 3b was 

obtained as a colorless liquid (128 mg) in 82% isolated yield. 
1
H NMR (300 MHz, CDCl3): δ = 1.78-1.61 (m, 5H), 1.30-1.06 

(m, 6H), 0.90-0.79 (m, 2H), 0.45 (nfom, 2H), 0.09 (s, 18H), 

0.00 (s, 3H). 
13

C{
1
H} NMR (75 MHz, CDCl3): δ = 40.5, 33.2, 

30.8, 27.0, 26.7, 14.7, 2.0, -0.2. 
29

Si{
1
H} NMR (60 MHz, 

CDCl3): δ = 6.8, -20.6. HRMS (ESI+) m/z: [M+Na]
+
 Calcd 

for C15H36Si3O2Na 355.1915, Found 355.1920;  [M+H]
+
 Calcd 

for C15H37Si3O2 333.2096, Found 333.2102. 

Synthesis of 1,1,1,3,5,5,5-Heptamethyl-3-phenethyltrisiloxane 

(3c). The title compound 3c was obtained as a colorless liquid 

(123 mg) in 82% isolated yield. 
1
H NMR (300 MHz, CDCl3): 

δ = 7.34-7.28 (m, 2H), 7.25-7.16 (m, 3H), 2.71-2.63 (nfom, 

2H), 0.90-0.82 (nfom, 2H), 0.14 (s, 18H), 0.06 (s, 3H). The 

spectroscopic data correspond to the reported data.
49

 

Synthesis of 1,1,1,3,5,5,5-heptamethyl-3-(3,3-

dimethylbutyl)trisiloxane (3d). The title compound 3d was 

obtained as a colorless liquid (74 mg) in 51% isolated yield. 
1
H NMR (300 MHz, CDCl3): δ = 1.17 (nfom, 2H), 0.85 (s, 

9H), 0.38 (nfom, 2H), 0.09 (s, 18H), 0.00 (s, 3H). The spectro-

scopic data correspond to the reported data.
48 

Synthesis of 1,2-di(1,1,1,3,5,5,5-

heptamethyltrisiloxanyl)ethane (3e). The title compound 3e 

was obtained as a colorless liquid (212 mg) in 95% isolated 

yield. 
1
H NMR (300 MHz, CDCl3): δ = 0.35 (s, 4H, H3), 0.09 

(s, 36H, H1), 0.00 (s, 6H, H2). The spectroscopic data corre-

spond to the reported data.
13

 

Synthesis of 1,1,1,3,5,5,5-heptamethyl-3-(3-

(trimethylsilyloxy)propyl)trisiloxane (3f). The title compound 

3f was obtained as a colorless liquid (136 mg) in 82% isolated 

yield. 
1
H NMR (300 MHz, CDCl3): δ = 3.50 (br. s, 2H), 1.52 

(br. s, 2H), 0.42 (br. s, 2H), 0.23 to -0.09 (br. s, 30H). 
13

C{
1
H} 

NMR (75 MHz, CDCl3): δ = 65.6, 26.8, 13.7, 1.9, -0.25, -0.3. 
29

Si{
1
H} NMR (60 MHz, CDCl3): δ = 16.2, 7.2, -21.2. HRMS 

(ESI+) m/z: [M+Na]
+
 Calcd for C13H36Si4O3Na 375.1634, 

Found 375.1628. 

Synthesis of 1,1,1,3,5,5,5-heptamethyl-3-(3-(benzyloxy)propyl) 

trisiloxane (3g). The title compound 3g was obtained as a pale 

yellow liquid (114 mg) in 65% isolated yield. 
1
H NMR (300 

MHz, CDCl3): δ = 7.26-7-16 (m, 5H), 4,42 (s, 2H), 3.34 (t, J 

7.0 Hz, 2H), 1.56 (m, 2H), 0.39 (nfom, 2H), 0.00 (s, 18H), -

0.08 (s, 3H).
 13

C{
1
H} NMR (75 MHz, CDCl3): δ = 138.9, 

128.5, 127.8, 127.6, 73.2, 72.9, 23.5, 13.8, 2.0, -0.2. 
29

Si{
1
H} 

NMR (60 MHz, CDCl3): δ = 7.2, -21.6. HRMS (ESI+) m/z: 

[M+Na]
+
 Calcd for C17H34Si3O3Na 393.1708, Found 393.1712. 

Synthesis of 1,1,1,3,5,5,5-heptamethyl-3-(3-

acetoxypropyl)trisiloxane (3h). The title compound 3h was 

obtained as a colorless liquid (19 mg) in 12% isolated yield. 
1
H NMR (300 MHz, CDCl3): δ = 3.92 (t, J 6.9 Hz, 2H), 1.96 

(s, 3H), 1.59-1.49 (nfom, 2H), 0.40-0.35 (nfom, 2H), 0.00 (s, 

18H), -0.07 (s, 3H). The spectroscopic data is in agreement 

with the reported data measured in C6D6.
50

 
13

C{
1
H} NMR (75 

MHz, CDCl3): δ = 171.3, 67.0, 22.6, 21.2, 13.6, 2.0, -0.3. 
29

Si{
1
H} NMR (60 MHz, CDCl3): δ = 7.5, -22.2.  HRMS 

(ESI+) m/z: [M+Na]
+
 Calcd for C12H30Si3O4Na 345.1344, 

Found 345.1336. 

Synthesis of Ethyl 5-(1,1,1,3,5,5,5-heptamethyltrisiloxan-3-

yl)pentanoate  (3i). The title compound 3i was obtained as a 

colorless liquid (152 mg) in 93% isolated yield. 
1
H NMR (300 

MHz, CDCl3): δ = 4.11 (q, J 7.1 Hz, 2H), 2.28 (t, J = 7.0 Hz, 

2H), 1.63 (p, J = 7.0 Hz, 2H), 1.34 (m, 2H), 1.24 (t, J = 7.0 

Hz, 3H), 0.46 (nfom, 2H), 0.07 (s, 18H), -0.01 (s, 3H). 
13

C{
1
H} NMR (75 MHz, CDCl3): δ = 174.0, 60.3, 34.3, 28.5, 

22.9, 17.4, 14.4, 2.0, -0.2. 
29

Si{
1
H} NMR (60 MHz, CDCl3): δ 

= 7.1, -24.8. HRMS (ESI+) m/z: [M+Na]
+
 Calcd for 

C14H34Si3O4Na 373.1657, Found 373.1653. 

Synthesis of 1,1,1,3,5,5,5-heptamethyl-3-(3-(oxiran-2-

ylmethoxy)propyl)trisiloxane (3j). The title compound 3j was 

obtained as a colorless liquid (151 mg) in 95% isolated yield. 
1
H NMR (300 MHz, CDCl3): δ =3.70 (dd, J = 11.4, 3.2 Hz, 

1H), 3.43 (m, 2H), 3.39 (dd, J = 11.7, 5.8 Hz, 1H), 3.16 (dddd, 



 

J =5.8, 4.1, 3.0, 2.8 Hz, 1H), 2.80 (dd, J = 4.9, 4.2 1H), 2.62 

(dd, J =5.0, 2.6 Hz, 1H), 1.61 (nfom, 2H), 0.45 (nfom, 2H), 

0.08 (s, 18H), 0.01 (s, 3H). The spectroscopic data correspond 

to the reported data.
51

 

Synthesis of 1,1,1,3,5,5,5-heptamethyl-3-

(cyclohexylmethyl)trisiloxane  (3k). The title compound 3k 

was obtained as a colorless liquid (34 mg) in 22% isolated 

yield. 
1
H NMR (300 MHz, CDCl3): δ = 1.74-1.56 (m, 5H), 

1.46-1.34 (m, 1H), 1.28-1.10 (m, 3H), 0.97-0.85 (m, 2H), 0.43 

(d, J 6.9 Hz, 2H), 0.09 (s, 18H), 0.01 (s, 3H). 
13

C{
1
H} NMR 

(75 MHz, CDCl3): δ = 36.8, 33.6, 26.8 (2xC according to 

HSQC), 26.5, 2.0, 1.1.  
29

Si{
1
H} NMR (60 MHz, CDCl3): δ = 

6.6, -21.9. HRMS (ESI+) m/z: [M+Na]+ Calcd for 

C14H34Si3O2Na 341.1759, Found 341.1754. 

Synthesis of methyl 18-(1,1,1,3,5,5,5-heptamethyltrisiloxan-3-

yl)octadecanoate (3l). After general purification procedure the 

remaining liquid contained methyl oleate isomer(s) and 3l. 

Using Ag-salt procedure
52

 to bind unreacted unsaturated fatty 

acid esters allows obtaining 3l in higher purity than with just 

normal silica column chromatography. The title compound 3l 

was obtained as a slightly yellow dense liquid (111 mg) in 

45% isolated yield. 
1
H NMR (300 MHz, CDCl3): δ = 3.66 (s, 

3H), 2.30 (t, J 7.5 Hz, 2H), 1.60 (p, J 7.2 Hz, 2H), 1.29-1.22 

(br. s, 28H), 0.44 (nfom, 2H), 0.08 (s, 18H), 0.01 (s, 3H). 
13

C{
1
H} NMR (75 MHz, CDCl3): δ = 174.5, 51.6, 34.3, 33.4, 

29.9, 29.87-29.85 (3xC), 29.84, 29.81, 29.76, 29.75, 29.6, 

29.5, 29.4, 29.3, 25.1, 23.2, 17.8, 2.0, -0.1. 
29

Si{
1
H} NMR (60 

MHz, CDCl3): δ = 6.8, -21.2. HRMS (ESI+) m/z: [M+Na]
+
 

Calcd for C26H58Si3O4Na 541.3535, Found 541.3531. Partial 

peaks belonging to unknown C18:1 monosaturated fatty acid 

isomer(s). 
1
H NMR (300 MHz, CDCl3): δ = 5.37, 3.66, 1.98, 

1.29-1.22 (br. s), 0.87 (t, J 6.3 Hz). 
13

C NMR (75 MHz, 

CDCl3): δ = 32.1, 29.5, 22.9, 14.3. 
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