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ABSTRACT: Carefully designed cyclic hydrosilanes enable trans-selective hydrosilylation of unactivated alkynes without transition
metal catalysts via silicate formation. Employment of sterically demanding bidentate ligands of silicon increases steric congestion
upon silicate formation, and this strain-imposing strategy facilitates hydride transfer. This hydrosilylation provides efficient access to
diverse benzosiloles, silaphenalenes, and related silacycles.

Silicon-centered penta- or hexacoordinate ate complexes, i.e.
silicates, are fascinating reactive species that can mediate

various organic transformations.1 Carbonyl allylation,2 enolate
addition,3 and reduction4 have been especially well studied,
and the increased Lewis acidity of the pentacoordinate silicon
atom upon silicate formation plays a pivotal role in these
reactions.5 On the other hand, ligand transfer from the
pentacoordinate silicate to unpolarized functionalities, such as
carbon−carbon triple bonds, is not promoted by the Lewis
acidity of the silicon center and, thus, is especially challenging.6

Herein, we report a design strategy for highly nucleophilic
pentacoordinate silicates that enable efficient trans-selective
hydrosilylation of unactivated internal alkynes,7,8 leading to
benzosiloles9 and unprecedented sila-aromatics.
Hydrofunctionalization reactions of alkynes provide efficient

and straightforward access to functionalized alkenes and have,
thus, been extensively investigated.10 However, trans-selective
transformations remain difficult and further development is
still needed.11,12 Trans-selective hydrosilylation of alkynes is an
attractive approach to construct silacycles. Lewis acid catalyzed
highly trans-selective intermolecular hydrosilylation of unac-
tivated internal alkynes was pioneered by Yamamoto et al.
employing trialkylsilanes, and aluminum(III) proved to be
particularly effective.7a They extended this chemistry to the
synthesis of various aliphatic silacycles including a single
example of benzosilole.7b As for transition-metal-catalyzed
processes, Trost extensively developed the Ru-catalyzed
methodology,7c−f which was utilized for the synthesis of siloles
via sequential trans-selective hydrosilylations of diynes by
Murakami et al.7g As a base-promoted example, Lee reported a
tandem process of alkynylation of carbonyl compounds and
trans-hydrosilylation using alkynylhydrosilanes to form oxasi-
lacyclopentenes involving pentacoordinated silicate.8 We have
recently reported a pseudo-intramolecular strategy for activa-
tion of boron reagents leading to the formation of various
boracycles via trans-selective interelement boration reactions.13

This entropic activation strategy may also be applicable for
activation of the Si−H bond of hydrosilanes especially with an
sp2-carbanion via pentacoordinate silicate formation to achieve

catalyst-free trans-selective hydrosilylation reaction leading to
functional sila-aromatics (Scheme 1).

Another key to success is the use of sterically demanding
diols as the bidentate ligand of the silicon reagents. Initial
experiments using commonly employed hydrosilanes such as
HSiEt3 and HSi(OEt)3 were not fruitful due to the poor
silicate-forming ability of the former and undesired ligand
exchange of the latter. For reference, a simple model
calculation for acyclic H2Si(MeO)2 and MeLi showed that
the least basic MeO ligand is far more easily substituted than

Received: December 3, 2020
Published: March 5, 2021

Scheme 1. Trans-selective Hydrosilylation of Alkynes for
Silacycle Formation
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the hydride (ΔG‡
TS1 = 1.7 kcal/mol vs ΔGCP2‑CP4 + ΔG‡

TS2 =
17.7 kcal/mol) (Figure 1b). Thus, we adopted a strategy of
tying back two of the alkoxy ligands on the silicon by using
diols. Moreover, envisioning enthalpic activation of hydride,
we adopted a strain-imposing strategy with a multiply
methylated ligand for steric acceleration (Figure 1a-2). To
test this design strategy, we prepared seven- and six-membered
hydrosilanes containing diols equipped with multiple methyl
groups (1a−1c), as shown in Figure 1a-3. Notably, these
silanes, which were obtained in high yields, are stable to air and
moisture, in contrast to frequently employed diols such as
pinacol and 2,2-dimethyl-1,3-propanediol.14

Next, we selected 2-phenylethynylphenyllithium, prepared
from bromoarene 2a, as a model substrate (Table 1). Upon
treatment of the aryllithium with 1a (1.0 equiv) hydride
transfer proceeded efficiently and subsequent cyclization gave
the desired benzosilole 3a in 58% yield (entry 1). The regio-
and stereoselectivity of hydrosilylation were perfectly con-
trolled, whereas such control is sometimes problematic in the
case of transition metal or Lewis acid catalysis. Use of 1b
slightly decreased the yield of benzosilole to 49% (entry 2). In
the case of 1c, the product was observed by GCMS analysis of
the crude mixture, but the silylether was cleaved during
chromatographic purification on silica gel (entry 3). The use of
HSiPh2(O

tBu), which is involved in Lee’s hydrosilylation,8

afforded the corresponding benzosilole in 37% yield accom-
panied by the formation of the silylated diphenylacetylene in
12% yield via undesired substitution of tBuO ligand (entry 4).
The poor ligand transfer selectivity observed here can be
attributed to the lack of entropic stabilization of the
pentacoordinate silicate with the monodentate alkoxide ligand
upon activation with the highly basic carbanion. A higher
loading of 1a improved the yield of 3a (entries 5 and 6).

Hydride transfer was very slow at −78 °C and warming to rt
was required for smooth progress (entry 7). The yield reached
the maximum under the conditions of entry 8. Use of 3 equiv
of TEMPO or 9,10-dihydroanthracene under the optimized
reaction conditions had no effect, and 3a was obtained in 93%
and 97% yields, respectively (entries 9 and 10). These results
strongly indicate that the present process does not involve free
radicals as key species promoting the reaction. Use of
magnesiated species only gave diphenylacetylene and un-
changed 1a, with no silicate formation (entry 11). Diethyl
ether basically shut down the reaction, whereas THF was
extremely effective (entry 12). Although tBuLi was found to be
the most suitable metalating agent in this system, we also
evaluated less aggressive nBuLi and sBuLi. The use of these
alkyllithiums under optimized conditions afforded 3a in good
yield under noncryogenic conditions.
DFT calculations revealed that the activation energy for

hydride transfer from the silicon center to the carbon−carbon
triple bond is 15.0 kcal/mol with a large energy gain of −24.1
kcal/mol resulting from strain release (Scheme 2). The silicate-
forming step and the ring-closing step are highly reversible and
essentially barrierless processes with activation energy values of
1.8 and 2.4 kcal/mol, respectively (for the entire reaction
pathway; see Scheme S1).
With the optimal set of reaction conditions in hand, the

scope of the benzosiloles was investigated (Table 2). This
reaction can be easily scaled up, and 3a was obtained on a
gram scale in 88% yield. The fluorescence quantum yield of 3a

Figure 1. Toward nucleophilic activation of hydrosilanes: (a) our
strategy and (b) selectivity of ligand transfer in nucleophilic activation
of silanes, with ΔG values (kcal/mol) calculated at the level of
B3LYP/6-31+G*.

Table 1. Optimization of Reaction Conditions

Entry Variation from Standard Conditions Yield (%)

1 none 58a

2 1b in lieu of 1a 49a

3 1c in lieu of 1a n.d.
4 HSiPh2(O

tBu) in lieu of 1a 37b,c

5 1a: 1.6 equiv in lieu of 1.0 equiv 87b

6 1a: 2.0 equiv in lieu of 1.0 equiv 94b

7 Quenching without warming up <5b

8 THF: 0.04 M in lieu of 0.02 M, otherwise under the
conditions of entry 6

98b

9 TEMPO (3.0 equiv), otherwise under the conditions of
entry 8

93b

10 9,10-Dihydroanthracene (3.0 equiv), otherwise under the
conditions of entry 8

97b

11 iPrMgCl·LiCl (1.0 equiv) in lieu of tBuLi, 1-I-2-(phenyl
ethynyl)benzene in lieu of 2a, otherwise under the

conditions of entry 8

n.d.

12 Et2O in lieu of THF <5b

aIsolated yields. bNMR yields determined using mesitylene as an
internal standard. cThe product has two phenyl groups on silicon as
exocyclic substituents. THF = tetrahydrofuran. n.d. = not detected.
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is almost quantitative (ΦFL = 98% in CHCl3) with an emission
wavelength of 410 nm. The electronic character of the para-
substituent on the aryl group at the 2-position was first
examined. The electron-neutral parent phenyl group gave 3a in
93% yield, and the electron-withdrawing Cl-, F-, and CF3-
substituted benzosiloles were obtained in high yields as well
(3b−3d). The substrates with electron-donating substituents
(nBu, OMe) required heating for good conversion (3e, 3f).
Highly electron-deficient 3,5-bis(trifluoromethyl)phenyl and
sterically encumbered mesityl and naphthyl groups were also
tolerated (3g−3i). A heteroaromatic ring was also applicable
(3j). The triple bond proximal to the aryllithium was the
reactive site in the case of enyne and diyne substrates (3k, 3l).
This methodology offers facile access to unique benzosiloles
bearing a heteroelement directly at the 2-position (3m−3o).
Double hydrosilylation of the 1,4-diethynylbenzene-based
substrate afforded 3p in 83% yield. As for annulated aromatic
units, extension of the π-conjugated system (3q, 3r) and
substitutions with heteroelements (3s−3u) proceeded in high
yields. Heteroarene-annulated siloles were also obtained (3v,
3w). This silacycle formation is not limited to benzosiloles, and
1-bromo-2-phenylethynylcyclohexene gave the tetrahydro-

benzosilole 3x in 92% yield. The silole ring was also installed
in a steroid, affording the pentacyclic estrogen analogue 3y in
good yield. In contrast, hydrosilylation of the double bond
using (E)-1-bromo-2-styrylbenzene was not successful under
the current conditions. Compounds of the silole family are
attracting increasing attention, especially in materials science,
owing to potential applications for organic light-emitting
diodes (OLEDs), organic light-emitting field-effect transistors
(OLEFETs), organic solid-state luminescent sensors, photo-
voltaic cells, etc.15 Thus, we believe the present methodology is
of high value in offering access to a range of unprecedented
structures.
One of the major advantages of this silacycle-forming

reaction is its modularity for modification of the substituent on
the silicon atom owing to the silylether unit acting as a leaving
group (Scheme 3). The reaction with 4-anisyllithium gave the
unsymmetrically substituted benzosilole 4 in 93% yield.
Quantitative fluorination with BF3·OEt2

16 and subsequent
alkynylation proceeded in 68% yield (5). Treatment of the
fluorinated intermediate with silica gel afforded the corre-
sponding silanol 6 quantitatively. Hydrosilane 7, obtained by
reduction of 3a with DIBAL, is an intriguing chemical scaffold.
Anionic activation of 7 was achieved by deprotonation of the
Si−H bond employing TMP-Li, and the generated silyl anion
was captured by methyl iodide. Although the yield of 8 is low
due to competing TMP-silicate formation, this is, to our
knowledge, the first example of deprotonation of an Si−H
bond with lithium amide.17 The relatively high acidity of the
Si−H bond of 7 suggests that there may be some degree of
aromatic stabilization of the benzosilolide (or silolide) anion
by the 10π (or 6π) electron system. Utilization of
unprecedented benzosilolylium species was also demonstrated.
Treatment of hydrosilane 9 with triphenylmethyl cation,
followed by sila-Friedel−Crafts reaction18 with the pendent
biphenyl moiety provided another benzosilole structure 10 in

Scheme 2. DFT Calculations on Hydride Transfera

aCalculated at the level of M06-2X/6-31+G* with PCM (THF).
Numerical values are ΔG (kcal/mol). One molecule of THF on a Li
atom is omitted for clarity.

Table 2. Hydrosilylation Leading to Diverse Benzosiloles

Isolated yields. aRun at 70 °C on 3.0 mmol scale. bRun at 60 °C. cRun at 70 °C. dRun with tBuLi (4.0 equiv) and 1a (4.0 equiv). eMixture of
diastereomers (3:1).
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77% yield. Compound 10 is weakly fluorescent in solution
(ΦFL = 5% in CHCl3), but is strongly fluorescent in the solid
state. This compound might thus find an application as a dye
with AIEE character.
Finally, this hydrosilylation reaction was extended to the

synthesis of six-membered sila-aromatics (Table 3a). Naph-
thyllithium prepared from 1-bromo-8-phenylethynyl-
naphthalene was converted to the silaphenalene 11 (ΦFL =
57% in CHCl3) in 76% yield by employing 1b. The structure
was unambiguously determined by single-crystal X-ray
diffraction analysis of compound 11′ obtained by reduction
of 11 with DIBAL. Contrary to the case of benzosilole
formation, use of 1a significantly decreased the yield of the
silaphenalene to 14% (Table 1, entry 1 vs entry 2).
In order to shed light on the reason for this drastic

difference, the %V buried19 values of the ligands of 1 were
calculated using SambVca, developed by Cavallo.20 The results
suggest that 1a is sterically more congested than 1b in the
coordination sphere of the silicon center (Table 3b). This is
consistent with the difference in the stability of silicate formed
from the naphthyllithium and 1 (Table 3c). More facile silicate
formation with 1b due to the smaller repulsive interaction with
the sterically demanding peri-substituted naphthyllithium, as
compared with 1a, should be one of the reasons for the much
better conversion with 1b. As for silaphenalenes, a large
substituent such as a mesityl group at the 2-position and
methoxy groups on the naphthyl moiety were tolerated (12

and 13). The silacycle fused with benzothiophene 14 was
obtained in 58% yield. Ynamide was also a competent substrate
and was smoothly hydrosilylated to give an unprecedented 1H-
[1,4]azasilino[3,2,1-hi]indole framework (15). There are a few
early reports on silaphenalene dealing with the physical and
chemical properties of its cationic, anionic, and radical forms.21

However, the reported preparation required a severe pyrolytic
condition (685 °C) and afforded the silaphenalene in only 10%
yield.21a Our methodology is incomparably milder and is
compatible with peripherally decorated silaphenalenes.
In conclusion, we report an efficient hydrosilylation reaction

of unactivated carbon−carbon triple bonds via silicate
formation. The keys to success were the use of unprecedented
seven- and six-membered dialkoxyhydrosilanes designed for
entropic stabilization in the silicate state, and the strain-
imposing strategy to enhance the nucleophilicity of hydride.
The diol ligand is also beneficial as a leaving group for
subsequent chemical transformations of the obtained benzo-
siloles at the silicon center. The present methodology provides
a powerful tool for flexible design of functional silacycles.
Detailed analyses of the optical and physical properties of the
novel silacycles and applications of the cyclic hydrosilanes for
construction of other ring systems are in progress.
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Scheme 3. Transformation of Benzosilolea

aIsolated yields. R: 1,1,4-trimethyl-4-hydroxypenthyl. (a) 4-MeO-
C6H4Li (2.2 equiv), THF, 80 °C, 72 h. (b) BF3·EtO2 (2.0 equiv),
THF, rt, 20 h, then phenylethynyllithium (5.0 equiv), THF, 60 °C, 12
h. (c) BF3·EtO2 (2.0 equiv), THF, rt, 20 h, then SiO2. (d) DIBAL
(4.0 equiv), THF, 80 °C, 20 h. (e) TMPLi (2.0 equiv), THF, −78 °C,
15 min, then CH3I (10 equiv), rt, 15 min. (f) Ph3CB(C6F5)4 (2.0
equiv), 2,6-lutidine (2.0 equiv), CH2Cl2, rt, 16 h.

Table 3. Hydrosilylation for Other Silacycles

Isolated yields. aRun with 1a (2.0 equiv). bOptimized Cartesian
coordinates obtained at the level of M06-2X/6-311++G** with PCM
(THF) were used. cΔG values at the level of M06-2X/6-31+G* with
PCM (THF).
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