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a b s t r a c t

The construction of secondary alkylsilanes is a challenging subject in the synthetic community. The cross-

coupling provides a practical solution to address this problem, but it typically relies on organometallic

species. Herein, we report an Mn-mediated reductive C(sp3)–Si coupling to synthesize these compounds

from alkyl and silyl electrophiles. This approach avoids the requirement for activation of Si–Cl by tran-

sition metals and thus allows for the coupling of various common chlorosilanes. The reaction proceeds

under mild conditions and shows good functional group compatibility. The method offers access to α-

silylated organophosphorus and sulfones with a scope that is complementary to those obtained from the

established methods.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Alkylsilanes are key structural motifs in many functional

molecules, and they have found broad applications in organic

synthesis, material science, and medicinal chemistry [1–4]. The

streamlined synthetic approaches to these compounds involve

the treatment of alkyl Grignard/lithium reagents with chlorosi-

lanes [5] and catalytic hydrosilylation of alkenes [6–10]. De-

spite formidable advances, several challenges remain, involving

the construction of secondary alkylsilanes [11–16]. Transition-

metal-catalyzed C–Si coupling offers an attractive solution to

this problem [17–25]. For example, the groups of Oestreich and

Fu and others have recently reported several elegant works

on the synthesis of alkylsilanes by coupling of secondary alkyl

electrophiles with silylmetallic species (e.g., Si–M, M= Li, B,

Mg and Zn) (Scheme 1a, path a) [26–33]. Meanwhile, Watson

and coworkers have achieved the couplings of alkyl Grignard

and Zinc reagents with silyl electrophiles (Scheme 1a, path b)

[34,35]. Alternatively, the reaction of carbon and silyl electrophiles

may deliver the same compounds by using more readily avail-
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able chemicals, but it remains largely unexplored (Scheme 1a,

path c).

The cross-electrophile reaction has recently emerged as a

promising tool for the construction of C-C bonds [36–44]. This

method has shown high step-economy, good functionality tol-

erance, and an orthogonal chemoselectivity to classic cross-

couplings. Our group has an ongoing interest in the exploration of

new coupling partners for this chemistry [45–50]. Very recently,

we reported the first reductive C–Si coupling reaction, which al-

lows for the synthesis of aryl and vinylsilanes from carbon elec-

trophiles and chlorosilanes [51]. This method was later expanded

to forming C(sp3)-Si bonds by Oestreich, Zhang, and our groups us-

ing nickel catalysis [52–54]. However, due to the low reactivity of

Si–Cl towards transition metals [55–57], the nickel-catalyzed route

appears to be highly dependent on vinyl chlorosilanes. Moreover,

the reaction of secondary alkyl electrophiles remains largely un-

explored, and current studies focus on the synthesis of α-cyano

alkylsilanes (Scheme 1b) [52].

Herein, we report an Mn-mediated approach for reductive

C(sp3)–Si bond formation. This protocol avoids the requirement

for activation of Si–Cl by transition metals, and it thus al-

lows for the synthesis of organosilanes using a wide range of

chlorosilanes. The feasibility of this approach is illustrated by
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Scheme 1. General methods for the synthesis of sec-alkylsilanes.

Scheme 2. The substrate scope of α-bromo organophosphorus. The reaction condi-

tions as shown in Table 1. Bromide 1 (0.2mmol) and chlorosilanes 2a (0.34mmol)

were used; isolated yields are given. a NiI2 (5 mol%) was added.

Table 1

Optimization of reaction conditions.a

Entry Change from standard conditions Yield 3a (%)b

1 none 69 (65)

2 1,4-dioxane 6

3 DMA 53

4 1.0 equiv. Mn 37

5 2.0 equiv. Mn 51

6 4.0 equiv. Mn 59

7 Mg instead of Mn 55

8 Zn instead of Mn 43

9 Al instead of Mn 10

10 TDAE 0

11 no Mn 0

a Reaction conditions: 1a (0.1mmol) and 2a (1.7 equiv., 0.17mmol) were used.

Yields were determined by NMR analysis using CH2Br2 as an internal standard.
b Isolated yield obtained from 1a (0.2mmol) and 2a (0.34mmol) is given in

parentheses.

the coupling reaction of α-functionalized alkyl bromides with

chlorosilanes (Scheme 1c).

α-Functionalized alkylsilanes are useful building blocks in or-

ganic synthesis [58–62]. The importance of these structural motifs

has triggered continuing efforts for their synthesis. The general ap-

proaches to these compounds involve the nucleophilic substitution

reactions using strong basic conditions (e.g., base=n-BuLi, LDA and

NaHMDS) [63,64] and carbenes/silenes insertion reactions [65–68].

The coupling method was realized by Oestreich et al., which al-

lows for the synthesis of α-silyl nitriles/esters from α-triflyloxy ni-

triles/esters and silyl organometallic species [29] and chlorosilanes

[52]. Considering the importance of phosphorus or sulfur in ligand

design [69–71] and the broad application of silyl moieties in devel-

oping heterogeneous catalysts [72], we here report a new method

for the synthesis of α-silyl organophosphorus and sulfones by re-

ductive C(sp3)–Si bond-forming reaction.

We started our investigation by studying the reaction of α-

bromo phosphorus 1a with chlorosilane 2a (Table 1). We found

the treatment of them with Mn (3.0 equiv.) in 1,4-dioxane/DMA

(4:1, 0.1mol/L) gave the desired product 3a in 65% isolated yield

(entry 1). The nitrogen solvent is essential to the success of this

reaction, but the addition of 1,4-dioxane improved the yield from

53% to 69% (entries 1–3). Lowing the loading of Mn resulted in de-

creased yields of 3a; the use of Mn (4.0 equiv.) did not improve

the reaction efficiency (entries 4–6). The use of other metal reduc-

tants also delivered the target product but gave relatively lower

yields (entries 7–9). No reaction was observed in the presence of

an organic reductant, TDAE, or in the absence of Mn (entries 10

and 11).

With the optimized reaction conditions in hand, we then stud-

ied the reactions of various α-bromo organophosphorus 1 with

chlorosilane 2a (Scheme 2). Vinyl chlorosilane 2a was used as

a coupling partner since this moiety has found promising ap-

plications in organic synthesis and material science [73–75]. Di-

arylphosphine oxides, either bearing an electron-rich (3b–3f) or

electron-poor (3g and 3h) substituent, were coupled with 2a ef-

ficiently. Substituents at the para- and meta-positions were tol-

erated (3b and 3c). However, when an ortho-substituted sub-

strate was used, the reaction gave a low yield of 3d. This chal-

lenge has been addressed by the addition of NiI2 (5 mol%),

which significantly improved the yield from 25% to 71%. The

reactions of naphthalenyl and heteroaryl substrates afforded 3i

and 3j in good yields. The alkyl substituents could be expanded

from methyl (3b–3j) and ethyl (3k) groups to long alkyl chains
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Scheme 3. The substrate scope of α-bromo sulfones. The reaction conditions as

shown in Table 1; bromide 4 (0.2mmol) and chlorosilane 2a (0.28mmol) were

used; reaction at 15 °C for 20h; isolated yields are given. aNiI2 (5 mol%) was added.

Scheme 4. The substrate scope of chlorosilanes. The reaction conditions as shown

in Table 1; bromide 1a (0.2mmol) and chlorosilanes 2 (0.34mmol) were used; iso-

lated yields are given. aNiI2 (5 mol%) was added.

Scheme 5. Mechanistic studies. aReaction conditions as shown in Scheme 3;

bromide 4 (0.2mmol), chlorosilane 2a (0.28mmol), and Michael acceptor 6a-6f

(0.6mmol) were used. bBromides 8/10 (0.2mmol) and 2a (0.34mmol) were used,

isolated yields were given. cNiI2 (5 mol%) was added.

(3l and 3m). The reaction of primary alkyl bromide afforded

silylated product 3n in 59% yield. In addition to phosphine ox-

ides, the reactions of phosphonates also afforded the target prod-

ucts 3o and 3p in good yields in the presence of additional

nickel.

Slightly adjustment of reaction conditions, including the con-

centration (0.2mol/L) and temperature (at 15 °C), enables the sily-

lation of α-bromo sulfones to be established (Scheme 3). The pres-

ence of different alkyl groups was tolerated (5a–5j). Functionalities,

including ether (5d), silyl ether (5e), ester (5f), alkyl halides (5g–

5i), and terminal alkene (5j), were tolerated. The scope of aryl sul-

fones was extended from electron-neutral (5a–5j) to electron-rich

(5k) and –poor (5l and 5m) derivatives without the loss of reac-

tion efficiency. The reactions of dialkyl sulfone and sulfamide also

worked well and afforded silylation products 5n and 5o in 91% and

52% yields, respectively.

The substrate scope of the reaction with respect to chlorosi-

lanes is shown in Scheme 4. The reactions of non-vinyl substi-

tuted chlorosilanes generally gave useful yields of target prod-

ucts. The use of 5 mol% of NiI2 significantly improved the reac-

tion efficiency. The presence of a long alkyl chain and sterically

hindered substituent were tolerated (3q and 3r). Aryl chlorosi-

lanes, including PhMe2SiCl, Ph2MeSiCl, and (C6F5)Me2SiCl, also

worked well; the reactions afforded target products 3s–3u in good

yields. Functionalized dimethyl chlorosilanes, such as those bear-

ing nitrile (3v), allyl (3x), and chloride (3y) groups, were also

tolerated.

To insight into the mechanism of this process, several control

experiments were performed. (1) In the presence of Michael ac-

ceptors 6a-6f (3.0 equiv.), the reactions proceeded well to afford

the desired product in 58%−76% yields (see Scheme S1 in Support-

ing information for details), and they did not result in any radical

trapping product 7 (Scheme 5A). (2) The reaction of α-cyclopropyl

substrate 8 afforded the directly coupling product 9 in 55% yield

with no ring-opening derivative was observed (Scheme 5B-a). (3)

The reaction of bromo(pent-4-en-1-yl)sulfone gave silylated prod-

uct 11 in 85% yield and did not result in any cyclized side-product

(Scheme 5B-b). Similar results were also obtained in the presence

of nickel (Scheme 5B). These results suggest that a free radical is

not generated in this process.
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Scheme 6. Proposed mechanism of Mn-mediated reaction.

Based on the above results and literature reports, we tentatively

proposed a mechanism for Mn-mediated C(sp3)–Si bond-forming

reaction (Scheme 6). The coordination of α-bromo substrate to

Mn gives complex A, which may undergo a concerted oxidative

addition reaction to afford complex B. The nucleophilic substitu-

tion of this complex with chlorosilanes affords the desired prod-

uct [63,64,76–78]. The formation of enol intermediate B is consis-

tent with the deuterium experiments; in the presence of D2O (1.0

equiv.), the reaction of alkyl-Br 4c and 2a gave alkyl-D in 75% yield

and a trace of alkyl-Si 5c (Scheme S2 in Supporting information).

At present, the effect of nickel is unclear. We suppose it might be

reduced to low-valent species like nanoparticle, which promote the

reaction similar to the process of Mn.

In conclusion, we have reported a reductive C(sp3)–Si bond-

forming reaction of secondary alkyl bromides with chlorosilanes

and thus established a new method for the synthesis of α-silylated

organophosphorus and sulfones. This ligand-free reaction proceeds

under mild conditions and tolerates various functional groups. Fur-

ther expansion of the scope of reductive C–Si coupling reactions

are ongoing in our laboratory.
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