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Abstract

Silanes are important compounds in industrial and synthetic chemistry. Here, we develop a general 

approach for the synthesis of disilanes as well as linear and cyclic oligosilanes via the reductive 

activation of readily available chlorosilanes. The efficient and selective generation of silyl anion 

intermediates, which are arduous to achieve by other means, allows for the synthesis of various 

novel oligosilanes by heterocoupling. In particular, this work presents a modular synthesis for a 

variety of functionalized cyclosilanes, which may give rise to materials with distinct properties 

from linear silanes but remain challenging synthetic targets. In comparison to the traditional Wurtz 

coupling, our method features milder conditions and improved chemoselectivity, broadening the 

functional groups that are compatible in oligosilane preparation. Computational studies support 

a mechanism whereby differential activation of sterically and electronically distinct chlorosilanes 

are achieved in an electrochemically driven radical-polar crossover mechanism.
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The formation of Si─Si bonds is an important transformation in organic synthesis. Herein, we 

present a unified electrochemical strategy for the efficient and selective synthesis of disilanes, 
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oligosilanes, and cyclosilanes—which are important precursors for the synthesis of functional 

organic and polymeric compounds—from readily available chlorosilanes.
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Introduction

Linear and cyclic oligosilanes have attracted considerable interest in organic synthesis and 

material science.[1] Disilanes are versatile reagents for the construction of C─Si bonds 

via transition-metal catalyzed Si─Si bond activation, which provides convenient access 

to a range of organosilane building blocks (Scheme 1a).[1],[2] Disilanes are also attractive 

alternatives to hydrosilane reagents in silylation reactions, owing to their greater stability, 

ease of handling, and because their second silyl group can sequester the leaving group 

(e.g., by forming strong Si─O or Si─X bonds) thereby creating a strong thermodynamic 

driving force for the desired reactivity.[1c] Oligosilanes are precursors to industrially 

valuable materials such as silicon carbide (Scheme 1b),[3] and their unique electronic[4] and 

luminescent[5] properties resulting from σ-conjugation of the Si─Si bonds has motivated 

the development of functional materials incorporating Si chains.[6] The reduced degrees of 

freedom in cyclic oligosilanes[7] influence conformation-dependent σ-conjugation,[8] and 

the synthesis of these motifs and related poly(cyclosilane)s has been actively pursued. 
[6b], [9]

Despite significant and growing interest in the chemistry of disilanes and oligosilanes, 

strategies for their synthesis remain limited (Scheme 1c). A common approach is the 

canonical Wurtz coupling of halosilanes using sodium or lithium metal, although this 

method typically exhibits poor functional group tolerance. [10] A milder approach employing 

Sm/SmI2 has recently been developed, although this method is currently only used 

for homodimerization.[11] Transition-metal-catalyzed dehydrogenative coupling has also 

emerged as a promising approach to constructing Si─Si bonds, [12] but the catalytic 

systems explored to date often display limited substrate generality (e.g., limited to tri- 

and dihydrosilanes H3SiR and H2SiR2) as well as limited selectivity in cross-coupling 

reactions.[13] For cross-coupling reactions, the direct generation of a silyl anion followed 

by reaction with a chlorosilane is commonly used,[1b] where silyl anions can be prepared 

by site-selective Si─SiMe3 bond cleavage.[14] Recently, Ito and coworkers disclosed an 

elegant approach to the synthesis of small oligosilanes (n = 2–4) via activation of silylboron 

reagents with methyllithium.[15] Although this approach substantially broadens the scope 

of accessible functionalized oligosilanes, it is currently constrained by the availability of 

silylboron reagents, which remain difficult to access.

Beyond traditional chemical synthetic approaches, a select few reports have demonstrated 

the feasibility of using electrochemistry for the synthesis of di- and polysilanes, although a 

general strategy enabling rational retrosynthetic disconnection is lacking. Starting in the late 

1970s, Hengge and coworkers published two reports on the electroreduction of chlorosilanes 
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to afford symmetric disilanes in good Faradaic yield,[16] although their approach utilized 

a sacrificial Hg, Pb, or Cd anode, generating highly toxic metal salts as byproducts. In 

separate advances, Shono,[17] Kunai,[18] and Grogger[19] developed this system further to 

employ less hazardous electrode materials and expand the reaction scope to heterocoupling.
[17b], [18a] However, all these approaches require a large excess of one coupling partner

—two or more equivalents—to ensure satisfactory cross-coupling selectivity, as an equal 

ratio of the two coupling partners usually led to a statistical mixture of the homo- and 

hetero-coupling products. In addition, the substrate generality remained significantly limited 

and the functional group compatibility was not demonstrated, especially for functionalities 

that allow for further functionalization or polymerization such as hydride (Si–H), vinyl, 

and thienyl groups.[20] To our knowledge, there are very few examples of the use of 

electrochemistry to synthesize structurally well-defined oligosilanes,[17b], [21] and there is 

only one report on the electrochemical preparation of cyclosilanes, wherein cyclobutasilanes 

were synthesized in low product yields (≤ 3%).[16b], [22]

Against this backdrop, we advance herein a unified strategy for the preparation of disilanes 

by both homo- and cross-coupling, as well as linear and cyclic oligosilanes, via the 

electroreductive activation and coupling of readily available chlorosilanes, thus providing 

a new synthetic logic to access a diverse range of known and novel silicon compounds.

Results and Discussion

In previous work, our laboratory demonstrated that chlorosilanes can be reduced on a carbon 

cathode to form silyl radicals in the context of alkene functionalization.[23] We became 

interested in expanding this electroreductive strategy both mechanistically and synthetically 

to provide a general and mild approach for the synthesis of disilanes and oligosilanes 

with high selectivity, with particular application to cyclic oligosilanes that are difficult 

to prepare by other means. However, cross-coupling of two distinct silyl radicals can be 

difficult to achieve in a selective manner and is instead likely to lead to a statistical mixture 

of homo- and hetero-disilanes. To circumvent this challenge, we conceived of a different 

strategy wherein upon the application of sufficiently reducing potential, a chlorosilane 

substrate (1) would undergo an overall two-electron reduction via an electrochemical-

chemical-electrochemical (ECE) sequence to form a silyl anion (Int2) upon loss of Cl− 

(Scheme 2a). This ionic intermediate could then react with another chlorosilane partner (2) 

via nucleophilic substitution to afford the desired cross-coupled product (B1). To achieve 

high selectivity with this approach, we envisioned exploiting the distinct electronic and 

steric properties of chlorosilanes with different structures. For example, aryl-substituted 

chlorosilanes such as chlorodimethylphenylsilane (1) are substantially easier to reduce than 

alkyl-substituted congeners (computed single-electron reduction potentials Ered = −3.73 V 

for 1 versus −4.67 V for 2 vs. Fc0/+; these potentials are likely overestimated but the trend is 

evident;[24] see Supporting Information Section 7). Meanwhile, hydrochlorosilanes such as 

chlorodimethylsilane (2) would serve as excellent two-electron electrophiles in the desired 

nucleophilic substitution due to their smaller steric profiles (DFT prediction showed that 

reaction between Int2 and 2 has a barrier ΔG‡ = 13.7 kcal/mol, vs. ΔG‡ = 17.4 kcal/mol for 

reaction between Int2 and 1; see Supporting Information Section 7).[25] Importantly, both 

arylsilyl (Si–Ph) and hydrosilyl (Si–H) groups are useful functionalities that can undergo 
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further derivatization via Si─C or Si─H bond activation under orthogonal conditions,
[21], [26] thus rendering the products of the envisioned coupling reaction synthetically 

valuable. We report here our use of this approach as a generalizable means for the synthesis 

of a range of diverse silane products, including desirable cyclic oligosilanes (Scheme 2b).

To establish the feasibility of the proposed approach, we initially studied the reductive 

coupling of chlorodimethylphenylsilane (1) and chlorodimethylsilane (2), and we discovered 

that in an undivided cell using a sacrificial Mg anode and graphite cathode in a THF solution 

of tetrabutylammonium perchlorate (TBAClO4) electrolyte, the desired heterodisilane B1 
was generated in 65% yield (Table 1, entry 1). Additionally, good cross-coupling selectivity 

was attained using a relatively small excess of 2 (1.5 equiv) with respect to 1, with 

homodisilane A1 as the main side product (13:1 ratio), in addition to a negligible amount of 

homodisilane A2. We further surveyed Ni, Mo, Pt, and Ag as alternative working electrodes 

and found that nickel and molybdenum promote the formation of B1 in excellent yields 

(68–70%) with excellent selectivity (>20:1) over homocoupling (Table 1, entries 4–5).[27] 

Of note, the electrolyte concentration could be reduced by half without decreasing the 

reaction yield when tetrabutylammonium tetraphenylborate (TBABPh4) was used instead of 

TBAClO4 (Table 1, entries 9–10), likely a result of greater dissociation of TBABPh4 versus 

TBAClO4 in the THF solvent.[28] Further, comparable yield and selectivity magnitudes for 

B1 were achieved with as little as 1.25 equiv of 2 with TBABPh4 as electrolyte (Table 

1, entry 10). Control experiments run in the absence of an electric current or in the 

presence of magnesium powder as the chemical reductant in lieu of electrolysis showed 

no product formation (see Supporting Information Section 4). Of note, reaction using N,N-

diisopropylethylamine as a sacrificial reductant instead of a Mg sacrificial anode produced 

B1 in comparable yield and synthetically useful selectivity (Table 1, entry 11), providing a 

homogenous system for disilane synthesis that is potentially amenable to scaling up using 

flow electrochemistry. Ultimately, we identified two sets of optimal reaction conditions 

using magnesium sacrificial anode, either with molybdenum cathode with TBABPh4 as 

electrolyte or graphite cathode with TBAClO4 as electrolyte, to achieve efficient Si–Si 

coupling (see Supporting Information Section 3 for full details of reaction optimization).

We next explored the substrate scope of our approach under the optimal reaction conditions. 

First, homocoupling of chlorosilanes was found to be efficient, providing a diverse range 

of disilanes in high yield (Scheme 3b, A1–A4). In particular, 1,1,2,2-tetramethyl-1,2-

diphenyldisilane (A1), a commonly used silylating agent in organic synthesis, can be 

prepared on a 5 mmol scale. This reagent is prepared industrially via the Wurtz coupling 

using stoichiometric Na as the terminal reductant. Our electroreductive method thus offers a 

milder and potentially more practical alternative to prepare this and analogous disilanes. The 

strained silacyclophane A5 could be synthesized in 38% yield starting from a commercial 

bischlorosilane precursor, via the formation of two Si─Si bonds. This molecule and 

related cyclophane silanes have attracted interest for their luminescent properties, [29] 

although they have previously been synthesized in very low yields (<15%) using multi-step 

strategies (Pd-catalyzed cross coupling or Grignard addition). [30] Tetrasilane A6 was readily 

obtained from commercially available chloropentamethyldisilane without Si–Si cleavage. 

Chlorogermane was also found to be a suitable substrate, providing digermane A7 in 80% 
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yield. Importantly, we successfully synthesized 4-fluorophenyl- and 2-thiophenyl-substituted 

disilanes (A8 and A9) from their respective chlorosilanes, thus introducing useful functional 

groups that could help tune the electronic and conductance properties of the silanes and 

provide handles for further functionalization.[21h], [31] We also attempted the homocoupling 

of ethoxychlorosilane (product A10), although only oxidized siloxane [(EtO)3Si]2O was 

isolated (see Supporting Information Section 10). From a mechanistic point of view, we 

note that the homocoupling of chlorosilanes could also be achieved via the dimerization 

of silyl radicals. However, this scenario is unlikely with chlorosilane substrates bearing 

a Ph, vinyl, or silyl substituent because the estimated reduction of the corresponding 

silyl radicals is substantially easier than that of the initial chlorosilane reduction (see 

Supporting Information Section 7 for computed potentials), implicating rapid conversion 

of the intermediate radicals to silyl anions.[32]

A diverse range of asymmetric disilanes were also synthesized using our electrochemical 

protocol in generally good yield and excellent selectivity (Scheme 3c). Cross coupling of 

Ph- and H-substituted chlorosilanes yielded the desired products (B1–B6) and no observed 

homocoupling products. Substitution of the hydrochlorosilane coupling partner with larger 

chlorotrimethylsilane yielded the heterodisilane (B7) in good yield (75%) with diminished, 

albeit good, selectivity (7:1 over homocoupling). Trisilane B8 and pentasilane B9 were 

likewise synthesized efficiently with excellent selectivity using the same protocol. Further, 

we also found that silylgermanes (B10–B11) could be prepared with good selectivity via Si–

Ge cross coupling. Finally, heterodisilanes bearing functional groups such as arylfluoride, 

alkene, and thiophene could also be obtained using this method (B12–B13).

We next sought to synthesize more complicated oligosilanes via multi-component cross 

coupling involving a sequence of iterative electroreductive Si–Cl activation and Si–Si 

formation processes starting from polychlorosilanes (Scheme 4a). This strategy was first 

investigated in the synthesis of trisilanes (Scheme 4b, C1–C9). By using 4 equiv of the 

monochlorosilane coupling partner and passing 5 F/mol of charge, it was possible to 

convert a variety of dichlorosilanes to trisilanes (C1–C4) in good yields. Interestingly, 

an unexpected yet useful side product C2′ was isolated from the large-scale synthesis 

of compound C2, likely as a result of homocoupling of the chlorodisilane intermediate 

(Int4). Trisilanes C1–C3 feature terminal Si─H bonds that can be transformed into 

Si─Cl bonds in one step or engage in other dehydrogenative coupling and polymerization 

reactions;[21e], [33] the corresponding reagents from chlorination could be used to further 

extend the silicon chain into longer oligo- or polysilanes, or to construct cyclic silanes 

via cyclization (see below). Starting from a chlorodisilane coupling partner along with 

dichlorophenylmethylsilane, pentasilane C5 was obtained. Tetrasilanes with an aromatic 

spacer connecting two disilane moieties (C6, C9) were synthesized in a similar manner 

via dual Si─Si coupling. Lastly, phenyltrichlorosilane was also a compatible coupling 

partner, affording tetrasilanes C10 and C11 in synthetically useful yields.[34] However, 

attempts to react silicon tetrachloride with chlorotrimethylsilane proved unsuccessful, only 

yielding an inseparable mixture of Si-containing products. Of note, this electrochemically 

driven approach provides an efficient access to H-terminated oligosilanes with reduced step 
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count, which would typically be synthesized from Ph-terminated silanes by dearylation and 

reduction.[26a]

Cyclic oligosilanes have attracted increasing interest over the last few decades, owing to 

their potential use in molecular electronics[35] and as building blocks for poly(cyclosilane)s.
[36] Nevertheless, their wider application has been limited by a relative dearth of methods 

for their controlled and selective synthesis. There exist seminal and elegant precedents for 

the preparation of cyclic oligosilane; however, these examples rely on different synthetic 

strategies and chemical transformations, and a unified approach for the synthesis of 

cyclosilanes with diverse structures and ring sizes remains elusive and desirable. For 

example, fully symmetric cyclohexasilane Si6Me12 was formed via the Wurtz coupling.
[37] In contrast, site-selectively functionalized cyclosilanes are challenging to prepare by 

reductive coupling, as it was observed that in the reduction of a 1,6-dibromohexasilane, 

an unexpected silylene elimination took place to yield a Si5 instead of desired Si6 ring.
[38] An alternative approach is to react silyl dianions with dichlorosilanes,[39] which has 

recently been employed for the synthesis of various cyclohexasilanes in excellent yields and 

with well-defined relative stereochemistry.[36], [40] Nonetheless, the empirical screening of 

additives is often necessary in these reactions to reduce undesired skeletal rearrangements.
[40a]

We envisioned that by using our electroreductive coupling approach, it would be possible 

to couple dichlorooligosilanes of the same or different lengths to readily synthesize 

cyclic silanes of various sizes and substitution patterns, thereby dramatically expanding 

access to this desirable class of compounds without depending on the limited scope 

of achievable silyl dianions (Scheme 5). We first demonstrated this strategy in the 

synthesis of cyclopentasilanes D1 and D2 (Scheme 5), wherein using either (3+2) or (4+1) 

annulation, mono- or 1,3-diphenyl cyclopentasilanes were obtained. To our knowledge, 

our approach is the first to afford a general access to substituted cyclopentasilanes via 

the formation of Si─Si bonds.[38], [39b] By analogy, cyclohexasilanes could also be 

prepared via inter- or intramolecular Si─Si coupling (Scheme 5, D4–D6). In addition 

to dodecamethylcyclohexasilane (D5),[37a] 1,3- and 1,2-diphenyl substituted variants (D4, 

D6) could be obtained depending on the bond disconnection strategy. We could also 

synthesize dodecamethylcyclohexasilane (D5) using electrochemical (2+2+2) annulation 

from commercially available dichlorotetramethyldisilanes, albeit in poorer yield (15% 

versus 38% via (3+3) annulation). Lastly, hybrid carbosilacycle D3 was furnished via (4+1) 

annulation from the corresponding dichlorosilanes.[41] Of note, compounds D1, D2, D3, 

and D4 have no literature precedent, and the syntheses of structurally relevant cyclosilanes 

are provided in Scheme 5b for comparison. While D5 and D6 have been prepared 

previously, the reported method for the synthesis of D5 requires excess Li metal,[37a] and 

D6 needed to be synthesized from a more activated bromosilane.[40a] Most importantly, our 

strategy provides a unified approach to access these diverse cyclosilanes using the same 

transformation—the electroreductive coupling of readily available dichlorosilanes.[42] We 

anticipate that this modular synthesis can be further applied to the preparation of other 

structurally distinct cyclic Si-containing compounds.
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Conclusion

In summary, we have developed a general electrochemical method to synthesize a diverse 

array of disilanes and oligosilanes from chlorosilanes. Our strategy constitutes a milder 

alternative to the canonical Wurtz coupling, which utilizes harsh reducing metals, and allows 

for convenient access to linear and cyclic oligosilanes that have previously been difficult to 

prepare. We hope that our work will stimulate the broader use of electrochemistry in the 

synthesis of organosilanes and related materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
(a) Disilanes used as silylation reagents in organic synthesis. (b) Oligosilanes used as 

material precursors. (c) Previous synthetic strategies to construct Si─Si bonds and this 

work.
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Scheme 2. 
(a) Design principle of the silyl cross electrophile coupling. (b) This work.
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Scheme 3. 
Scope of electroreductive coupling of monochlorosilanes. Isolated yields are shown unless 

noted otherwise. 1H NMR yields are provided in parentheses. [a]Prepared on 5 mmol scale 

passing 2 F/mol of charge. [b]The product was partially inseparable from oxidized disilane. 
[c]The oxidized siloxane [(EtO)3Si]2O was isolated as the only product. [d]Selectivity for 

cross coupling/homocoupling (determined using 1H NMR of the crude produce mixture) 

was >20:1 unless noted otherwise. [e]Selectivity (B7/A1) was 7:1 as determined by 1H NMR 

of the purified product mixture. [f]Homocoupling products of disilane and digermane were 

both detected as side products. [g]Selectivity (B12/A8) was 9:1 as determined by 1H NMR of 

the purified product mixture.
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Scheme 4. 
Scope of electroreductive coupling of of polychlorosilanes towards polysilane synthesis. 

Isolated yields are shown for all products. [a]4 mmol scale passing 4.5 F/mol of charge. 
[b]Yield in parentheses was determined by 1H NMR using dibromomethane as internal 

standard. [c]6 equiv of the monochlorosilane coupling partner, a constant current of 10 mA, 

and while passing 8 F/mol of charge.
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Scheme 5. 
(a) Design principle for synthesis of cyclosilane via (n+m) annulation. (b) The scope of this 

work and the most relevant examples.
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Table 1.

Optimization of conditions for cross-electrophile coupling of chlorosilanes

Entry Cathode Electrolyte Yield (B1) Selectivity (B1:A1)

1 Graphite TBACIO4 65% 13:1

2 Pt TBACIO4 51% 5:1

3 Ag TBACIO4 62% 8:1

4 Ni TBACIO4 68% >20:1

5 Mo TBACIO4 70% (67%) >20:1

6 Mo TBAPF6 48% 6:1

7 Mo TBABF4 23% 15:1

8 Mo TBABPh4 66% >20:1

9[a] Mo TBABPh4 67% >20:1

10 [b] Mo TBABPh4 65% >20:1

11[c] Graphite TBACIO4 54% 7:1

Reactions conditions: 1 (1 mmol, 1 equiv), 2 (1.5 mmol, 1.5 equiv) and electrolytes (2 mmol, 2 equiv, 0.2 M) in THF (8 mL) in an undivided cell; 

constant current of 20 mA, passing 2.5 F/mol of charge (3.5h). Yields were determined by 1H NMR using dibromomethane as internal standard. 

Isolated yields are shown in parentheses. Selectivities were determined by 1H NMR spectroscopy for B1 versus A1; A2 was detected in trace 
amounts by GC (see SI Section 4).

[a]
0.1 M of TBABPh4.

[b]
0.1 M TBABPh4 and 1.25 equiv of 2.

[c]
Reaction using sacrificial amine (4 equiv of N,N-diisopropylethylamine) with graphite as the anode and cathode.
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